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FOREWORD

Vibia ion testing is ai rapidly evolving technology thalt has gained widespread
rec.ognition of its importance motly in the period since World War II, As often
happens In a new and tapid technological development, vibration testing has
been beset by unclear, contlieting, and sometimes controversial concepts of test
specifications, test conditions, test methods, and interpretation of test results.

In this monograph, the authors have done a great service by compiling the
state-of'.the.art knowledge of" vibration testing and related technology in a very
clear, concise, and -comprehensive manner. The various test methods are de-
scribed and explained In a factual way so that the reader can easily assimilate the
essential concepts and than use his own engineering judgment In applying them
to tile problem at hand. Nevertheless, the authors do not hesitate to express
their own opinions and judgmunts In a scientific manner, and these provide
authoritative precepts which can be very helpful In guiding the practitioner.

The designer and specification writer will find helpful explanations and back-
ground In Chapter 2, "Selection of Appropriate Test Method," These people
often are not vibration specialists, but this chaoter will help them acquire an
understanding that will Increase their effectiveness in incorporating suitable
provisions for vibration in their designs and specifications.

Chapter 3, "Simulation Characteristics of' Test Methods," will be especially
useful to those who have had difficulty in understanding the basic features of
the various vibration test methods, Tisis chapter clearly delineates each method
and witll a rminimal amount of math ii natics summarizes the analytical basis of
each.

The test conductor will be concerned primarily with Chapters 4 and 5. Much
of the practical information needed to conduct a vibration test is given in these
chapters, including many helpful hints which have been acquired through tihe
experience and mistakes of others.

rhe anthors conclude with a summary in Chapter 6 of how vibration data are
acquired and handled. An'l so this monograph gives the vibration testing tech-
nologist a reference that systematically reviews and explains how vibration data
are acquired, how the data are used in preparing specifications, how a test is
conducted to satisfy specifications, and how test results are interpreted.

This monograph should help those working with vibration problems, and
particularly the novice, to come to a clearer understanding of' the basis, con-
cepts, and purposes of vibration testing, and it will be mutinh appreciated by
those who desire to see how the technology fits together to make good sense.

I.C. KI'`NNARD, JR.

7I'st and E.'valuation Di)isioit
(Goddard Space Figh t Cetier
Greenbelt, Mavyland
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PREFACE

The continuing development of the field of vibration tasting is evidenced by
the number of technical meetings and extensive literatuie devoted to the topic,
Preparation of a monograph which will adequately describe the selectioti and
performance of vibration tests and which will not rapidly become obsolescent is
perhaps impossible. Nevertheess, the authurs believed that one of the series of
monographs sponsored by Shock and Vibration Information Center should be
addressed to this subject, It seemed that a wealth of analytical, empirical, and
practical information was scattered in various technical journals, government and
contractor reports, and perhaps mainly in the subconsciousness of many workers
in the field, They also felt that a document that gathered, sifted, and collated
this information would prove instructive to newcomers to the feldd and useful as
a reference for the "old hands." To avoid the problem of obsolescence. insofar as
possible, the monograph should be restricted to facts and principles which can
be used to make sound engineering decisions, and thus should be relatively
independent of future developments of test techniques and vibration test
equipment,

The monograph which has resulted from these Ideas was made possible pri.
manrly by the support of Dr. W, W. Mutch and his staff at the Shock and
Vibration Information Center. The authors must also acknowledge the contrl.
bution of those reviewers of' an earlier draft whose generous and constructive
comments added much to the final version.

It would have been impossible to write this monograph without a rather
extended association with a vibration test laboratory and some Initial Inspiration
to pursue endeavours in the field. The opportunity to participate fur a number
of years in the development of new, and hopefully improved, simulation tech-
niques while associated with the environmental test laboratory at Hughhib Air.
craft Company is gratefully acknowledged. Finally, the two miore senior authors
would like to thank Dr, C. T. Morrow whose initial pioneering of randomn vibra-
tion testing at Hughes provided the spark for their continuing interest and activ-
ity in the field of vibration testing.

ALLEN.). , CuRTIs
NICHIOLAs G. TIN LING

Los Angeles, California HF.NYRY T. AisTEIrN, JR.
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CHAPTER I
I NTROI)UCTION

According to Webster, a monograph is a written account of a single thing or
class. Alternatively, and perhaps synonnumusly, it Is a special treatise on a
"purticular subject, Again, from the same source, a treatise is a methodical dis.
cussion of the facts and principles involved and conclusions reached, l.1 one
sense, then, the following chapters may not constitute a monograph since, as the
title proclaims, both the selection and the performance of vibration tests are to
be treated. However, the selection of a test without knowledge of how or
whether It can be performed, or conversely, tie performance of a test without
knowing why It was selected, is sterile indeed. Thus, in a larger sense, the
selection and performance of vibration tests are appropriate subjects for one
monograph. It Is intended to be a treatise, us deitned above, within the limita.
tions of the scope of the subject matter described below and with a farther
reservation that the reader will be expected to draw the final conclusions, or
make the final engineering decisions, based on the facts and principles discussed.

1.1 Purpmse

A first exposure to the performance of u vibration test can be a bewildering
experience, with the observer very unsure of what happened and even less sure
why, It' this experience arouses enough interest to visit the library, that observor
is likely to find a number of textbooks which hardly mention vibration testing
and a larger number of Journal articles which generally assume tile reader already
knows all the principles of vibration testIng from reading the lex.oooks. The
primary purpose of' this monograph is to fill that gap by presenting it methodical
discussion of the facts and principles to be applied to the sulection and per-
for mance of' vibration tests which Will be of 'alue as a refe reCe dIocumcnlert to
both the newly Involved and the experienced wo:'ker in the field.

It is Intended that this discussion be presented at a technical level which
strikes a middle ground between the elementary discussion of simple dynamic
systems found ii the first chapters of" vibration textbooks (which should already
be familiar to the icader) and the more detailed dis.,ussions of complex dynamic
systems, noise theory, and electronic oquipment, which are generally unneces.
sary to an unrderstanding of the basic parameters. Thus a reader who has
mastered the equivalent of a tirst course in mechanical vibrations, either for.
maally in the classroom or by experience, and who has u miili al familiarity willi
the conduct of a vibration test should expect this monograph to be quite
readable. Whore appropriate, brief and simplified discussions of theory are In-
cluded along with citations of more complete and rigorous presentations.
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1.2 Scope

It has boeen induicted tulltttle 'subject niat icl will be limited to principles, and
fue1ls, slupplemleitd i h y citations of' signi ficauit contitribut ions to tile 1fi0ld. Ily

- ~ini pi icalUl tot t* theil te S:opU of' the Mtonogra ph excludes' CLCtile L LLUQiescipt ions of'
the o perationt and cotnstruction of' patrticular equi pment and, instead. ICSCr`ibCS

hie tunct ions and purposes of' required eqni pmlonl Wit hout I eference to ally
cututnlereclal mtodels,

Thew exprussion vilmrtaion tests may have a nutiubr of' differentt connotations.
Wi thin the scope of' thisL tmonogratpht, vibration tests are titosC tests where a
physical object. fromi a fractiont of' aln ounce to many tonis InI weight, is subjected
ito a controlled external vibrat cry exci ftuionl Thus a wide variety of vibration
tests in which Internally p'enerated excitat iotts cause vibtation 0i' a physical
oblect ate excluded, For ititance, the testing of' anl tntennla under tile vibration
iloads due to its nte c hatt ical sca ntnin g tind Lil e testing of't utbhte bial dng Utnd er the0
vibratory loads due to gas flow during oplei-atioti are exclutded.

External vibrat ory excI itation is, applied to physical Objects ifor a number of1'
reasons, ttot all of' Which wotuld be claSSIFIed aS tests. [or eX11mple1, Vihi atiOtt
exci tat ion Is used in t1w tta te rhia shti n Lilt ng field l'or packing c~rates, uti loading
ltopipcr-type vehicles, etc, Thus vibration tests inl tills context are littited to
those sit uatil ul s Wherec ext e nuo Iecitationl is 11ip11pIei to anl ObjC~ cII tOtrder to

deter mi1l tieIlie n11it i tc ill Whc IIC tie object physically or f'un ciion ally responds t o
thilt excitatiott atid to diertCHl tie anly effects It May have Onl the0 object.

There are three basic otet hods., of' applying external vibratory excitat iotn to it
phY si cal object. F1irst, and mnos t cottttnonIy, hiy tipp1licatttiott 01' sufti cienit bot
otide fited torce at t11 01o' ttOIC ie dsrete poliii s of (11t0 o hjcci to create ;Ic desirted
tuc bit. Second , by atpipl icalliott of' .t desired force at One or MtOrN discrete p 1i1litS

(11 til object. Third, thle objecttttmay lie ''ito ncseLi' in a des1ire d tcoust ic field,
tile 1 reS5 ire ii octutta nttS it I' WIt lic con slit ilte alt-cci re xcitaittion over the en tire
surl'ace .)l' the objcct . Four genei'ri c types of' tests, whitcit arcie ICltilfied by thIiese
three methIiods ttre (a) m otio n Cestiing;: (b) force -contitrol testing: (c ) atcoustti c
testing, .1oid (Li) itttpiediattce lestitig, Whiicht is a C0o11itltat iOn o not ton101 aild forCe-
ccitt ul testitng. However , For it nutmber of' reasotns, atcoiustic testinig Is gelcieally
VclSIis~dedds itletI front11 Viliration0 t etitug 111Id Wvill tlot hC Incelutded,

Any discussiotn of I pr rItiIlls atnmd limitatlionlls of' vibratlion testing amtoontg
workers itt the field Will altiost certaittly get mround ito one of two topics.
ItctaIIi CIU ii11 1I tIpia nice effects itr viialul ttiqnuIitivalence. B~othI topc 0115Will Itemce-
Sarily entLet itnto thiS inc nograpit. II asvever, ottiy naj~ttcrhtýl ott these topics wiiiclh
is itncidLentta tl to thle min ttt di scit ssomi will be itncludedL. ie~iP ot t i eLt tc

test toe thods aintd equ~lmipnemt w~Iill n ot the itcltel d i.
Finaltly , it Ns not hintend Led Li i tlids miuttogn pit serve us it Matnualt to be Utsed ill

either setectitig or perfortinitg a particular test Under a patrticular Set ot1 circCunt-
s taitces. Ratthe r, tite tnt en tion Is to p rov idLe the reader withI su~fficient inftori n-
tflou to pe rntithi iit, for his particular ictisnes to make a logical selection
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Of test llle thuds and to en1sure that, otice selected, thc test is conducetod ill a
Proper manner .

l lTO f111i thiis In i it ott~ t11 icsucceed lg cha pt es are strructured as fol lows.
Chapter 2 contains a~ discuisson ot the0 HiOWtitooS lactors which must be.' coin-
side red in the selection oi' thie appropriate test method. First, a Inumber of
geimeral CunlsidUiettnls, SUChI .8 defluting tile purpose of the test, are described,
Followed by discussions of' thle selection of' test conditionts and procedures. The
next chapter includes a. detailed technical description of the various test
imethods, e.g., sinusolidal, random, etc., together with a discussion of what call be
achievedl by their uise iLe., the simiulat ion characteristics of' cachi method. This
chapter is flilowed by chapters dovoted to' vibration equipment requiremenrts,
Pe rfo rman ce and conto of0 athtle va rlO us e hds . and the acquisii tion and anal-
ysis of vibration data cbt alined during the tests.

1.3 Necessity of Vibration Tests

It would be Interesting to arranige a Poll of engineers Involvecd in vibration
testing, itl one capacity or another, whtich posed tilhe quelStIonl: "Whly is this test
being perfornied?" The Percentage of answers which would bc variations of'
either, "I dont't knalw,'' or "That's what thle speCC Says," wOUldL probably be
distressingly large. A later section will discuss (fie Purpose ot' vibrationt tests in
,letail, It Is appropriate to consider here the general purposes of vibrution testing.

In one way or another, ailmost all vibration tests, as defined previously, are
emIployed to ensureN the suitability of' the test object for its Intendled Use. The
rather wide variety of' tests which can he and are Performed grew ou~t u1 thle Wide
variety of intended uses, ILe., crnvironutoi'ts, and the differing crituila for estab-
lishinig suitability, I lowever, it Is believed that all tests arc intended to establish
suitability with respect to at leaist one oft thle following three cri teria : (a) Struc-
tural integrityý (b ) adequate ioun Ct ianal pe andc:a t (C) (111.111( y a ssuranitce
level; i.e., adequate workmnanshi p. Thlere aire probably those who would state
thit a fourthI criterion of* adeqacto equipmient reliability should be ridded, How-
ever, it would seem that criteria a aiid '- togither enicompass the purposes of
reliability testing.

Given that vibration tests hae theC above-men~ltioned purIpoNse, tile questionl
still remains -why ale vibration tests necessary'? Is it as Tetyvc uxclalins itl
h'qadh'r opt the Roof, "Tradition!"?, Certahjily this is a l'actor, though perhaps
mlore inl thie selectioni of' tests than Inl thle quiest in iof' whet her to test. A mu re
ra lional reason Is that they are PC nfor tied 14o save mone11y andci, ill a numttbe or a
cases, lives, by uncovering deSign Or COtiSt, ctionl weaknlesses thlat would cause
failitre dule to bie Vi bratIaio n C1Ounott tord in usage, By shildtuidaiig eithle r thle usage
vibration Itself' or it.; clfects, these weaknesses canl be un11COverd In tile labora-
tory quite economically compaired to thle coQst of occurrnceC during tiSe. Fiortlier-
mnore, tlie behavior ol' tife test, objecet canl be observed and caref'ully mecasured
with it nstriumiIi a tiotl min 1111ch1 greater de tail thani is goenoerally possible In I lie
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1isage eL'tivtollctt, plrticularly with "onMe-shin" devices SUL1 as missiles and
space vehicles.

1A4 Historicul Developmeni

The general subject of mechanical vibration is.itselfta rather young specialty,
since the first college course devoted to the subject was hitroduzed as recently ai
I928. The need for such a specialized course in applied muechtanics arose because
of the development of higlet speed and higher powered rotating machinery,
such as automobile engines, steam turbines, and electric generators. Unbalance in
the moving parts of these machines produced vibrations, mainly at tie operating
speed jor frequiency), although harmonics of this fundamental frequency also
occurred. Thus the motions were essentially periodic, and Fourier series could be
used othi to mnalyze and to compute the response to these vibrations, With the
development of propeller-driven aircraft, these same techniques could be cx-
tended to cope with the vibration environments for aircraft and airborne equip.
ment, Concurrently with this development cycle, the development of vibration
testing equipmont (or "shakers") took the course of mechanically driven
machines using eccenttric drives, followed by the electrodynamic or "loud.
speaker" type oF equipmeUnt driven hy variable-speed motor-generator sets.

Will tihe development, mahily since World War II, of jet engines, rocket
motors, aircraft, and missiles whose performance is high enough to require anal-
yses of the effects of' turbulent boundary layer, etc., the vibrations to be dealt
with wer-e found to be no longer adequately described by the simple periodic
nmotion/Flourier series approach. Instead, it was found that the vibrations (or the
excitation 'or,'es which produced them) could, In many cases, only be described
in statistical terms since the amplitudes were found to fluctumte in a random
mmnner. Several developrtents were required to make effective use of this new
approach. First, the development of improved electronic instrumentation sys-
tenis was reqotired. Particularly significant was the development of magnetic tape
recording systems which permitted the repeated reproduction of an electrical
%.Altage proportional to the measured vibration (displacenfnt, velocity, etc.).
Second, mote sophisticated equipment for data reduction, again electronic in the
main, was developed to handle the more complex procedures required. The third
factor which made the use of the concept of random vibration possible was the
development of high-output power amplifiers to drive thle clectrodynamic
shakers in accordance with almost any desired input signal. For example, actual
flight vibration measurement recordings have been played 'Into power-amplifler/
slhker systems.

During these developtment cycles, It was fortunate that much of the tnathe.
mtical theory required had already been developed. In the field of corrnimmnica-
tions, the problem of electrical noise in circuitry had received a great deal of
attention, and it turned out that mlic theory and analysis techniques which
evolved were almost directly applicable to the analysis of random vibration.
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With the means of analyzing properly a .nomplex vibration signal, of synthe-
sitIng the desired excitation signal through spectrum shaping networks, and of
driving a shaker in accordance with this excitation, the one remaining develop-
inent which enabled the complexity and sophistication of present testing
methods was the application of servomechanism techniques, L.e., automatic gain
control, to the control of vibration test level, Two of the authors can remember,
all too clearly, when two test items were needed for each random vibration test,
One was used and virtually destroyed during the lengthy manual equalization of
the test spectrum, whereas the second, when available, was used to fulfill the
purposes of the test. This situation did not make the customers too happy or
create the impression that the test engineers knew quite what they were about.
With servomechanismn control, now known as automatic equalization, random
vibration tests became economical, efficient, and generally acceptable.

Until the late l1960's, almost all activities leading to the establishment or
conduct of vibration tests were carried out using analog Information processing.
Now, however, digital processing, with the speed and accuracy which It can
provide, is replacing analog methods more and more, most recently with the
Introduction in 1969 of digital synthesis and analysis of the vibration test signal.

Thus the state of the art in vibration testing, and "art" is used advisedly, has
progressed very rapidly during the last two decades. However, It Is expected that
te basic principles described in the following chapters will, as principles should,
remain valid even when unknown future developments take their historical
place.



CHAPTER 2
SELECTION OF APPROPRIATE TEST METHOD

It is an Infrequent occasion when a reader, by himself, will have the oppor-
tunity to tmake an optimum sole.lon ofra vibration test based on adequate
technical informution about the -test object and the overall purpose of tile test.
In the first place. later. discuissions will Illustrade that technical information is
often insufficient at the time of test selection. Second, few readers will be in L

position whore they alone can make the selection, Third, the influence of a
number of nontechnical tactors may override much of the technical considera.
tlion, Those are factors suoh as schedule, cost, tradition, hardware availability,
ate.. Thus the material to be discussed in this chapter must necessarily be
presented somewhat idealistically, Ilowever, this discussion 3hould also find
applicability on Ihose occasions when modification of an existing test program is
required and when assessment of resUlts at the conclusion of a test program is
undertaken,

The following sections discuss the numerous interrelated factors which should
be considered in the test selection, Although interrelated, the discussion of each
factor is necessarily independent with the Interrelationships being either indi-
cated or self-evident. The factors have been grouped into general Considerations,
test condilions, data requirements, and necessary accuracy.

2.1 General Considerations

Test Purpose

It should be superfluous to say that the first consideration in the selection of
a test should be definition of the purpose of the test. Unfortunately, it is the
authors' cxperiencc that such is not always the case and that, on occasion,
eventual consideration of the purpose has led to deletion of the test, either
because there was no real purpose or because the purpose could not be achieved
by conduct of' a feasible vibration test, In many cases, the purpose of the test is
explicit in the label applied to the test program, e.g., qualification test or flight
acceptance test, In other cases, the purpose is Implicit in the type of hardware
under test, e.g., developmental or production equipment. Another Implicit defi-
niltion of test purpose Is indicated by the assembly level of the test object, L.e., a
single-piece part or a complete spacecraft. It was postulated in SeL.,on 1.3 that
all tests either should or do have thle basic purpose of establishing suitability for
the intended use with respect to either structural integrity, fuactional perform.
ance, or workmanship. A more detailed classification of basic purpose is
obtained by definition of the several classes of tests,
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Design-Development Tests. Design-development tests, as the name implies,
have the basic purpose of aiding In the development of the final design of the
equipment. Since they are not usually specified in the contract or hardware
strcification, the flexibility in the selection of a test is quite wide compared to
other types of tests, The test object moy be a Very early brasiboard of the*
equipment or a scaled or full-size model of a proposed structural deslgni with
dummy. mass loading, :In this case, the purpose is to obtain an early gross indica-
tion of adequate design approach together with engineering data which can be
used to refine the design. This can often be best served by the selection 6fý
simple, economical test methods which may bear little resemblarnce to the design
and test requirements but which do provide the required engineering data. For
exampie, tests to confirm or refine the frequencies and mode shapes of the
structure obtained from structural analysis would be considered in this classjficu-
tiun, Later design-development tests may be carried out on equipment which is
representative of the final design. The purpose here can very likely be described
as a dry run of the qualification tests in order to dete(.t and correct design
weakneises prior to qualification. Again, selection'of test methods is still quite
flexible, but, if the purpose is that of a dry run, the test conditions necessarily
must be closely related to the later qualification tests.

Evaluation Testm. The term evaluation tests per so may not be familiar to the
reader. As will h'e seen, there should be a distinction between evaluation tests
and qualification tests, the term by which the former tests are often known. The
purpose of evaluation tests Is to evaluate formally the adequacy of develop-
mental hardware as soon as available, and to identify design weaknesses or
inadequacies. Usually, however, an evaluation test program does not include
those tests necessary to develop and verify corrective actions taken to remove
the inadequacies. The test methods and conditions employed fur evaluation tests
are more closely governed by contractual and specification requirements than
are design development tests. However, it is usually possible to modify the
methods for investigative purposes based on the results of Initial tests.

Qualification Tests. The term qualification test has a number of synonymns,
depending on both personal choice and phase of the overall program. When
performed using developmental hardware, the alternative terms typealpproval
test and proof of-desigt test are commonly used, When performed on pilot
production or early production hardware, the alternative terms preproduction
and ,erijtwtion tests may be employed, Regardless of the name, the purpose of
qualiflcation tests is to demonstrate formally the adequacy of the design for the
intended use. By Implication, any Inadequacies revealed by testing must be
remedied and the adequacy of the corrective action demonstrated as part of the
qualification test program,

Those programs where significant production quantities are involved usually
include periodic or sampling qual!fication tests for which the term verification
tests is used. Verification tests have the same basic purpose as qualificaton tests
and are conducted to demonstrate that neither design modifications nor changes
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in manufacturing methods have introduced equipment inadequacies. These tests
are usually less comprehensive than the original qualification tests, concentrating
on the most severe types of test environments, Vibration tests usually are aniong
tice first selected for verification tests. The selection of test methods and condi-
tions for qualification tests is clearly quite restricted by contractual and specifi-
cation requirements.

Quality Assurance Tests. As in the previous paragraph, there are numerous
synonyms for quality assurance tests, such as flight acceptance, proof-of.
workmanship, delivery tests,-etc..Again, regardless of the labbl, the common,
basic purpose is to conduct a vibration test which will'reveal weaknesses or
defects In the equipment due to errors or excessive variability in the manufuc.
ture of tho equipment. Such tests are not intended to ddktct design weaknesses
or to demonstrate design adequacy. Unfortunately, experience indicates that
quality assurance tests are too often used for such inappropriate purposes. An
implicit purpose of these tests, which makes the selection of the test method
quite difficult, is to accomplish the basic purpose without Introducing failures
or weaknesses into the equipment due to the test, In view of.the intended
purposes of the test (and those which are not intended), it Is clear that the
selection of appropriate vibration test methods for quality assurance tests is
quite wide, far from unique, somewhat arbitrary, and must be based more oh
experience than any other test type.

Before we leave this discussion of basic test purposes, it should be evident to
the reader that a normal progression of tests of the several types detailed above
is likely to be applied to the successive models or versions of a particular piece of
equipment. While the selection of an appropriate test method would ideally be
made at each step in the progression, It is clear that precedents set during, say,
design development test selection wili very likely unduly restrict the later selec-
tion of qualification and even quality assurance test parameters, even though the
purposes of the tests are quite distinct.

Test Object Characteristics

It is axiomatic that selection of an appropriate vibration test should take into
consideration some of the characteristics of the test object. Among those which
would most significantly influence the selection are value (monetary or intrin-
sic), size, assembly level, complexity, typicality of configuration, function, and
any potentially hazardous conditions, Quantitative consideration of these char.
actcristics is seldom possible. The judgment factors which enter into the selec-
tion are discussed generally below.

Value. The value of the test object, which may well be distinct from the
value of the test, should be considered in a selection of the vibration test
method, particularly with regard to procedural aspects. The term value was
selected here, as opposed to cost, since a relatively inexpensive but unique test
object may have a value many times its cost when factors such as schedule,
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reputation, etc., are evaluated. The effort expended to select the test should, in
some approximaite way, be proportional to the value of the test object. First, the
effort exlpnded to definie an appropriate set of test conditions should reflect the
-value of the test object in the sense that it is worth developing more precise and
probably more complex test conditions which, In turn, will require more com-

* plax, time.consuming, and costly test procedures.
Second, the effort expended to define the test procedures should correlate to

S•the test object value since the amount of instrumentation, the test documenta-
tion, and the measures taken to prevent test error should all reflect this churac.
terlstic of the test object,

Size. It is obvious that the size of the test object should be an important
consideration in tost selection. This is true from the point of view of physical
size alone, regardless of weight, and also size in the sense that, within some
limits, size and weight are generally proportional, it the first case, the physical
size must be considered in the selection of vibration control locations and
methods, the number of excitation points, e.g,, is a multishaker test required,
and the precision with which test conditions are known, lI the second case, the
additional factor of the required force rating of the vibration equipment must be
determined.

Although difficult to substantiate, a general rule seems to be that "the larger
the test object, the poorer the vibration test." This rule applies mainly in the
context of what might be considered standard test methods applied over conven-
tional frequency ranges and to the quality of the vibration test itself without
consideration of several other test object characteristics discussed later. The rule
can be defeated or at least mitigated by a selection of nonstandard test tilethodo.
The basis of the rule is found in the following factors:

1. A ningle vibration spectrum specified at a single point or at most a few
points must become less meaningful for larger test objects,

2. The larger the test object, the greater will be the effects of Impedance
characteristics of the test object whdch are not accounted for by standard test
methods.

3. The larger the test object, the greater ý,il1 be the unavoidable deviations
from desired test conditions due to the impedance characteristics of both the
test object and the shaker/fixture combination.

4. The larger the test object of a given weight, the larger will be the required
shaker force rating, due to the dissipation of vibration within the fixture, partic-
ularly in the higher frequency ranges.

5. The larger the test object, the greater will be the dissipation of high-
frequency vibration with distance from the excitation points, thus increasing
the risk of an inadequate test.

In the field of environmental testing, test methods for aerospace equipment
were developed Initially for single units, i.e., black boxes, partly because equip.
mont was procured mainly one unit at a time and partly because available
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vibration equipment could handle no imure. Withi thle trend to procurement of'
systems or subsystems and the availability of larger vibration equipment, a conl-
tinuing Wilod toward the testing of larger and larger test objects has been evi-

-dent. lou%%evcr, thle original environmental standard test methods, the require-
clients of whivch are couched in termls of "the equiPment shall, , ", have often
been applied, or rather mnisapplied, to larger and larger test Items,. such as
complete spacecraft and complete extornal aircraft stores. References 1 through
16 describe atudies and experimental programs-directed toward the development
of improvementts in teat methods required to solve problemns engendered by the
size and, indirectly, the weight of test objects.

Assembly Level. At flrst glance, the ussembly level of thle test object msight
appear indistinguilshable fromn test object size., However, in addition to size, the
assembly level of' thle teat object will be a significant consideration in test
selection since such factors as thle functional characteristics of thle equipment
and thle possible variety of intended usages must be weighed. Generally speaking,
thle highier assembly levels will have more complex 'functionail performance

mb requirements. Confirmation ot adequate performance during vibration exposure
is thus more difficult and timec consuming. In turn, this requires selection Of a
test method which allows sufficient ltile to measure required performance. For
example, the ltime required to determine if a relay will chatter under vibration is
far different than that required to measure the performance of a radar systemn.

Experience indicates that a corollary to thle rule cited fin the previous section
is that the higher the assembly level (and therefore probably the larger the test
object), thle moure meaningful will be the evaluation of functional performance
under vibration. Sonmc otl the factors which contribute to any validity of this rule1
are

1.Proper mcii so reie ni of, thle c u multatlNC degRkd at Ion o1 I'Lfo ne 1toil per fo rut-
once of a lilgigh assembly level diue to the tincremental dlegradat ionis withi Is ts
compoiwClit pXItS,

Z.The difficulty of specifying the amount ci peffiotmance variation or degri.,
dati lo III L C011otp1CI. nenUpa whit chI will lie accepntabl WIIc v le te coin rot cciii is
integrated into a higheri assembly level.

3. The greater ac curac y or rea lity Witlit with [Il e expected usage vibirat ion
cond~itions cait he specified for higher assemubly levels, oven though It may he
muore ditfi cult to test to theQse Co1d it lots.

A generally accepted noinenclutuic to describe vibration tests of' various
assembly leVelS has evolved, althoughI theie are naturally test objects which fall
fin a gray area between thle several levels, Starting at thle lowest level, these lire
comiponent tests, unit tests, subsystem tests, and system tests. ,Thec selection of
test methods for these various levels is discussed below.

Cwnpontwot Tests. Component tests arc tests conducted onl individual piece
parts or small subassemblics such as anl electronic module or a printed circuit
board. Gjenerally it is possible to test more than one sample, atnd frequently a
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large sample size is possible. In fact, a sinigle test may actually Include as many as
twen!y samples tasted sinultaneously. Usually, the tests are performed to
demonstrate adequacy of the componlents for a wide variety of uses and,
therefore, environments.

Thus in selecting test methods for component tests, it Is desirable and:
possible to select standardized test conditions and procedures which can be
accomplished rapidly and economically on u wide range of test fucilitles, partic-
ularly for qualiflcation of "offithe.shelf" items. Generally the test conditions
cati' be quite conservative In order to envelope a wide variety of usage conditions
which are typically poorly defined. For example, it is difficult enough to define
the environment for a single unit or black box, let alone to define that for a
single-piece part which may be used at many locatlons. withln each of the units
which comprise tile system, Eiven if It were technically possible, it would clearly
be uneconomilcal to do so In view of (a) the typically low value and cost of the
components, (b) the ease and economy with which corrective action can usually
be achieved even thouglh significant conservatism is included in the test, and (C)
the most Important factor that tie adequacy of the compolnents Is usuatlly imlore
dependent on the method of packaging In the next assembly level than tie
configuration of tile component itself, When tile component for which a test
method Is to be deflned is more specialized thani indicated above, a 6tandard test
method Is usually satisfactory. However, if the results uf such a test indicate tile
need for significant design changes, the test method selected initlally should be
reviewed to determine if a inure realistic test can be derived. For instance, as an
example of the gray area between component and unit assembly levels, expen-
sive components such as gyroscopes and display tubes, which are assembled into
units, are often developed lor a U nique application. In such cases, tile value o1
both the test item and the results oif the test Is suflicient to Justify, technically
and economically, the selection of more specialized test conditions and
procedures.

Unit Tests. The selectioni of test methods for testing of single units or black
boxes is influenced in part by the nature of the functional characteristlc3 of tile
unit and in part by the nature of the next assembly level, If any, and associated
tests at that level. Sonic units may consittute a complete functiounal system or
subsystem, such as a communication set, to be installed in a carrier vehicle. In
this case, evaluation of functional performance Is clearcut and no higher assem.
bly level tests will exist, In other words, the selected test is the filinal demonst 'a-
tion of adequacy by test prior to final use. In many, and probably tile vast
majority, of cases the unlt wnder test is one Ora number of units which together
constitute a fIeMtioning subsystem or system. In this case, evaluation of func-
tional performance during vibration exposuir will be less definitive, as stated
earlt r, because of tile absence of system interactions between tile various units.
In addition, the necessity of evaluating tile variation of fundamental system
parameters indirectly from the variation of one or more measurable parameters
associated with tile single unit may present a very difficult task. Selection of the
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test method will depend, in part, on whether the single unit is installed individu-
ally In a carrier vehicle or whether it, combined with several other units, will be
installed together in a carrier volgicle, e.g., as a complete spacecraft, and sub.
jected to a vibration tost at this higher assembly level, In the former situation.
the selection of a test'methud 'Is not unlike that for a single Independently
functionlng unit. In the latter case, knowledge of the tests that will be selected
for performance at higher assembly levels should influence the selection of unit
test nmethods to ensure the cbmr- " !ity of the tests at each level and to permit
more liberal Interpretation of n,- ,.al performance degradation of the unit
during test since confirmation u. dglher assembly level tests will be obtained
later.

The appropriate test conditions for unit tests also tend to be affected by the
two classes of units discussed above, A single Independently functioning unit will
probably be intended for a variety of uses, e.g., a radio set to be installed in a
number of different aircraft, in this case, as with comrnment tests, the test
conditions may represent, by Introduction of some conservatism, an envelope of
expected service environments, On the other hand, a single unit falling In the
seoond class will probably be a "tailor made" design for a single application and
environment, The test conditions can then be selected to reflect the nmore
specialized application anid, to a reasonable exteot, the charucterlstics of the
higher assembly level for which the fundamentad test conditions are probably
defined.

Subsystemn/System Tests. The classiflcation of certain equipment as a subsys-
tem or a system is often ambiguous. A fire control "system" may be considered
a subsystem of a weapon system, for example. For purpuses of vibration test
selection however, the exactitude of the name is less important than two
characteristics of the array of equipment to be tested, First is the characteristic
that the equipment performs one or more fundamental functions which can be
measured during test and which are basic to satisfactory end use; ior example, to
search for, acquire, and track a target of specified character, Second is the
physical characteristic that, for there to be any distinction from a unit test, the
equipment consists of a collection of units, most or all of which are integrated
into a common supporting structure. This characteristic generally means that the
test object is of more than average size and weight and that the structural aspects
ot' the test become mnore significant. Further, the effects of the impedance
characteristics of the test object and the structure of the service installation
must, If at all possible, be taken Into account Li the selection of the test method
and conditions.

A fundamental option in the selection of a system test method is whether the
complete system is to be subjected to the vibration excitation or whether
individual units of the system will be subjected to the vibration while functional
performance of the complete system is observed. A third choice consisting of a
mixture of the first two Is obvious:, When individual units, in turn, are exposed
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to viblation while functioning within the system, functional performance evalua-
tion is clearly more realistic than during a unit test. I lowever, since only part of
the system Is exposed to vibration, thle addItivo effects of degradationl withini
several Ainits are Uifricult to assess, Onl the othecr hand, it is easy to identify thle
culprits when degradation of performance occurs.

Configurfition, It has been suggested that nothing is constant except the
occurrence of' hanges Since the passage of' time between thle selection of' U test
mnethoud and the -execution of the selected test mlay certainly involvu weeks end
often many mnirths, thec selection procuss must recogniz.e the potentiol though
unknowni changes which can (or will) occur. Theli most probabic chaunges will be
in thle area of thle coinfigtirationl of' the test object, particularly during res~eurch
and development prograims, By> the time a test methiod has been selected, thle test
object manufactured, thle test conducted, and the iesults evaluated, it will often
be found that a number of design clianges will hatve occurred whiich were not
included In the vuonfIgurattion ot' the test object, Whiie the effeets of' configtiru.
tion chatnges will primarily affect thle evaluation of test results, the test methiod
should be selected withi a vicw toward minimizing thicsc efflects.

Function, The functhim pertornmed by thle test object in Its service envlton*-
ment must be a consideration in the selection otf Lin appropriate test mlethlod.

First,it' adequaicy Is ito be demionstrated, thc test method most be one whiich
piermits, assessment of the manner In which the equipment has performed its
Rilnction, either dircctly or by Indirect means. For example, the f ,unction of' a
shipping container Is to prevent damage to the oenased equipment. Ideally,
adequacy of the contuiner Is dmIonIstr-uted by observing theo absence of' damiage
to thils equipment after test. Frequeiitly, liiowever, thic adequacy mlust be demion'-
strated indilrectly by showing thiat tlmc container does not permit vibration InI
excess ofsi leve ieito lie explerienced by thle encased equipment.

Second, the Iin po rtan ce or critic ali ty of thle fuinction of' the test object in mISt
be evaluated fIn selecting the uppropri-ate test metiod. ["or exaIC ope qUipmlent
whlose function most be perf'ormcd very precisely ait a given illine IIIay require U
more comiplex test nicthiod thtan enuiipnient Whose functioin is mlore 80eneral aind
essentially Inidependent of timec and anly associated equipment. e.g., tile output
ot' anl unregulated Power supply.

lin udditIon, the number of time1s thlat thils fun ct ion has ito be PC rfuringd must
be included since the required duration Or repetitionl Of thle teSt must bie defined.
For example, if some part oi' the test object Must be replaced aVter SUt hotirs of
operation for reasons other thian vibrationl exposure, thet teit meithiod selected to
demonstrate equipment adequacy during an operational lifetime of hundreds of'
hours mnust take cognizance of this 501O~hor limitation. A Inlure obvious exalnuple,
ot course, is thle funiction performed by any type of "one-shot" deviLce, from
SqU ib-op crated relays to missiles.

Magnetic Susceptibility. It is often necessary during the selection of vibr-ation
test niethods to evaluate thle susceptibility oft the test object ito environm~ents 5t)
whilch it will be exp)osed as an Incidental p~art otf thle test met0hod. The insio
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common of these is the magnetic field which exists, in varying strengths for
various shakers, in the vicinity of the shaker ainuature. The funefiolnal perfi bim-
unce of equipment in either al absolute sense or when combined with vibrat ory
motion may bg advosely aflected when the equipment is exposed to a strong
matinetic field. In addition, even material properties such us damping capacity
may change in some cases. While test conditions should not change for equip-
ment susceptible to magnetic fields, the test setup and procedure may require
modification to work around this susceptibility.

Haiardous Operation, The tinal test object characteristic to be mentioned Is
consideration of any factors which could contribute to creating hazardous
conditionss. This factor must be considered with respect to both normal opera.
tion and abnortlal conditions which might occur due to failure during or at the
cotclutsion of test. For example, tile autoignitlon of explosive material has been
experienced due to the temperature rise created by energy dissipation during
exposure to vibration.

Success or Failure Criteria

Again, accordilg to the basic purpose of vibration tests, the suitability of the
test object can only be determined If someI measure of suitability has been
defined prior to test, Criteria for success or failure of the test and/or the test
object can then bc derived from this measure of suitability. In many cases, these
criteria are self-evident and perhaps even trivial. For example, if the purpose of
the test is merely to determine tile natural frequencies and modes of u structure,
there are no crfieria for the test object and the test is successful if the selected
method provides this information. However, if it is required that a suitable
structure must have no natural f'requoncies In certain'tfrequency ranges or that a
minimum damping factor for each mode is necessary, then these criteria should
be established beforehand and considered In the selection of the test method.

In many equipment specifications, Ale vibration requirements state, in effect,
that the equipment "shall be undamaged by and shall provide satisfactory
functional performance during and after exposure to the following vibration
conditions." Of coulse, depending on test purpose, performance during exposure
may or may not be required. Nevertheless, it is clear that criteria to define
damage and satisfactory performance are needed.

If cumulative fatigue damage theory has any merit, It Is probably nevem
possible to state that equipment is "undamaged" after vibration exposure.
However, it is possible to establish criteria for success based on limiting the
damage. For example, the amount of wear In a bearing or other mechanical
connection, the change of transmissibility or static deflection of a vibration
Isolator or the change In drift rate of a gyro are parameters that can be measured
and used as criteria besides the obvious ones of lack of complete fracture or
fatigue cracks in the test object.

Compared to damage criteria, establishment of criteria for satisfactory func.
tional performance Is usually very difficult and quite complex, depending og, the
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assembly level under test, As is the case with damage criteria, most test objects
will exhibit some degradation, or at least change, of tI'untrctnal performance
when exposed to vibration. Unless damage has occurred, this will disappear when
the vibration excitation is discontinued. Therefore, criteria for permissible
'changes in tunctioial performance must be established, It is Impossible to define
all these criteria in this monograph, but the following fundamental factors must
be considered;

1. Is a particular tilode of operaticn required under the vibration conditionsto be simulated'?

2. Is the permissible variation related quantitatively to the intended use
rather than to specificatlon values which typically reflect munufucturing
variability?

3, Has the permissible variation taken into account any test acceleration
factors used to establish the vibration conditions?

4. Are the spectral (i.e,, frequency) characteristics of the permissible varia-
tion adequately defined?

5. Has apparent variability due to measurement error been accounted for?

6. Have permissible and nonpernissible adjustments been Identified?
The ntext step after defining criteria for success or failure of' the entire test is

the definition, again before initiating test, of criteria needed for decision making
when a failure has occurred or, in the case of reliability testing, when a success
has occurred. Primarily, these criteria are needed during formal qualification
tests tnd are concerned with questions such as

1. Should the test object be repaired or replaced alter tailure occurrence?
2. Should the test se'q'tence be repeated or continued from the point Of

failure?
3. Can additional testing of an investigative or trouble-shooting nature be

initiated and, itf so, to what extent and of what type?
4. Should the failure he confirmed on a second test object'?
5, How many, itf any. failures are permissible before the test is considered

unsuccessl'ur?
(. Is tile failure of such magnitude that testing should be discontinued?

By now the reader must have become aware that the definition of success or
failure criteria is very closely related to the definition of test purpose discussed
in an earlier section, Hopefully, he is also aware of the importance anid value to
be gaihed when these considerations are made prior tu tile perjbrmance of the
tests. It Is all too easy to fall into the trap of proi,:eeding on a basis, best
described colloquially, of, "Let's run a test, see what happens, and then play It
by eat," 7ihsts werfirowed with ill-defined purposes are unlikely to yield usejid
and taild results,

It may not be so obvious that consideration of success or failure criteria prior
to se'lction of test method is almost as important. The method selected may
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well be very diffeient, depending on whether these criteria are of' a "go- no0 g0'
type or ol' u threshlold typo. For example, a dirferetit test Me thod Would be
selected depending on whether It i3 required that it relay not chatter under
certain conditions or whether tile level ut, which chatter will occur, as a funitionl
of' frequency, is to be measured, As another example, when the comnplete
vibration te'st consists Or several parts, each with differing detailed purposes,
tile Selection oIf test Method Should refllom this Situation, For examnple, when
part of thu test Is to demonostrate~ functional perf'ormance and purt IS to
demnonstrate structurul integrity, It is often advisablo to obuiplete all testing
for the first p~art prior it) starting testing for the second part. Again, It' a test
to failure under swept sinusoidal vibrvation IS to be conducted, a large nuitm-
her of relatively shotrt-duratioti sweeps Is prceirahle to a small number Of
very slow sweeps since the formter will p)r'uvide better resolution or' timeI to
failiure.

11 is not Intended to suggest that the critkirla discussed above will all
he found entirely s-atisfauctoty once testing hias beon Initiated, Alter all, it'
one knew everything that would happein, It would probably be unneces.
ski," to run thle test. However, i' Li set of criterki have beeni established in
iti e1ative cJ11n1 pr~f to test, any modifleation or additions to the cri.
teri which develop and tile necessary crigitietring decisions required tunder
the usual pressure Of test conduct will he establIshe~d on a imure rational
basis.

Replication of 'rests

Blecause ut' thle Inherently destructive tnature of vibration tests compared to
many other environmental tests, the opportunities to replicate vibration tests are
rather rare. Yet experience and the literature Illustrate the wide variation of
fatigue and dumping properties Of almos0t all materials and thus indicate thle
desirability of replicating vibration tests, i.e., conducting the ''same" tost onl a
nutuber O~f "idetutiCal' sailples, using thle principles (11 Statistical design of
expetinment to yield significant test results. The opportunities to replicate tests
generally are found in component or pieee'part testing and In quality assuranice
testing of' higher assembly levels.

Significance of' Test Resualts

The results of vibration tests may have significance In a number of nonteechni.
Cal area-1s, such ats cost, schedule. etc. The consideration h.-re, however, Is the
tecliltical signiticance or validity or value Of tile test results. most often, this
consideration arises in connection with failures during test but probably should
be made more frequently inl connection with successful tests. If this consldet-a-
tIon is made after testing is initiated, clearly no effect on selection at' test
me~thod Will Occur. However, prior consideration ot' this 'actor Will Often assist inl
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se leetaion of tihe op t Intoli in te thud. lfyI p1 al' tihe q UCs ,iUi os Wh itto 1Lst be
anIswred to evalate tile significanlce ot' the test reSUlts ure

I .1 tile con Iig rationl Of' the tst object representativo of thle equfpipment ill
use'?

2. Are thle vibration test coniditions well d&flied and an adequate simulation
Of service conditions'?

3. Are thle excitation and control methods satisfaetory7
4. Is thle test object attachment reauistlcl
i. Is the test Sample Size adequate?

6. What IS thle SIgn lleancel of variabIlity inl both test Object and test
40ondit ions'l

212 Test Conditions
Thle general cu'msiderations Ill thle Selection ot a vibration test discussed Ill thle

previotus goctiutts have been primarily Indirect factors itl thle selection process. Ill
this soctioit, the parameters whichi muot be selected to pro perly define the test
conditions are discussed. Those parameter~s Incitude descriptions ot' the vibrationi
itself With recognitiotn of.tite lithe rent shimulation viharucte ristics, thle locations
tor excitation otf thle tost object and control of thle lest level, the required data,
and finally, thle reqtuired accuraicy,

Select ion of Vibration Conditions

The vibrationl conditions which miust be sped fled to de luei a vibriftiloll test
are (I ) excitation paramleter, e~.g mlotion,ý force, etc., (2) Watveformi. (directly or
indlrcctly)ý (3) ft quoncy range; (4) durat Lot itod (5) level as at I'mnc tion of
frqUCIenVcy, L'UCh Of theCSe cn1ditions can generally be specitied Ittdependently,
Ui1i1 0itm l thW sititw ILat ion cit r aCt rist ics of the test arc atfe cted by i nterret atiOn*
ships between these parameters.

'rhe acttual Selection Of thel Conlditions can be miade through three basic
41pproaC1cits. F"irst anld Most directly, whetn the purpose of thle test pormits, is thle
sVelect lOt iot aset o(It' Co i aOttM ; Whi'l i-cIIIre prod 111 the expeted Ottv I roti tile t to
thle greatest ext cot tinat is teclitnicaliy attid oconontilcaily featsibte. 1T1t0 seconld
apptroach is less direct and Is based onl Selection Of U Set Of' test Ca~littlt" sWhich
will cause the smnle effects to be rmanitested in thle test object its wouild exposure
to thle expected environtment. Thle third approach is essentially ant arbitrary
selection ot' cotnditions, based mainly Ott itiecedent and experience, which will
achieive al specific pt pose Without regard to thle shimlation considorattoits
Inherent itl thle first two approaches.

Excitntioii Paramneter(s). When the vibration condit iotts are to be describe d Itt
termns of it Single e xcitationt parameter, thle selectionl IS rather Simple Sitnce tMot iLtII
(i.e., displacement, velocity, acceleration) and applied force ate the two pIramti
eters which vttn be created and controlled in thle iaboratory When the desc rip-
tio, at' test conditions is in ternis of' both motion and applied frtrCC, soni1C formt
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of, ill I eda i~ice tes.tintg is pleclcibed. Since thle MxitatiOn a al pit hcl6ýUir Point
produced by a-sinlgle shaker canl only react to oil conltiol signal at any instant,
such u description may take two basic forms, Inl one case, the motion is spacitled
togethter with thle constraint that sonle lim-iting force is nut exceeded, or vice
versa. Thus the eXCitutIOn paramuete may shtift frum mnotion to force anld back to
motio at various points inl thle frequency runge. In the second case, the
excitatiot, parameter Is deflined in terms of' Some mathemantical combination of
orotill and force, usually as a function of' fi-equoncy, which is anl impedance test
ill thle truest senseC.

C'learly thle selection ofl' thle excitationl pat ametor depends onl the data
'ava iliahk to definle thle other test conditions discussed below. Since inca-
surelirel (iot' the dy 0 aiuric so vice e try Iron uret. s' i U111.t tO t etireCly In ternils of'

t ill~~~otionl, IitI. [ilnt Sorrlt nlI1g, that1 almost all vibration tests are Specified Ill terms
i*tit'Ilutionl

Waveforml The selection of thle approprinte waveformi which defines the tinie
Variatitonl of' the excitation parameter Is ý;Nbentluily limidted to five practical
possibilities: (1) sintisioidai, either f'ixe 01 variable frequenlcy (2) random iwith.
appioximutcly (Gaussian statistical properties; (31 a combination of I and 2; (4)
CoorpiexlQ periodic wavefrom ns; and ( 5) playback of recorded thime hIlstories. Thef,
circumlstanlces In which thle selection of t particular waveform may be made tire
descril~ed qualitatively below.

Simnulation: of' Ln'tironment. If the basic appro: to thle selection of' test

conditions is to be followed, iLe,, reproducttion of thle service environment, thenl
thle selected walveformi should reproduce the essential deterministic and/or stittis-
ticed charaicteristics of that enviroin ent, It might appear that the 'fifth opti-i
fisted ubo'e would bec thle Iininedia te choie tin this casel Howeve r, for a1 numlber
of reasoirs. Stich a,. tile atypieality of' thle recorded time history, thle unknowns
and uncontrlla01ble effects. of' amplituide and phiase distortion, the inherent risk
of' open1-lu. ip test control. etc.. it is believed that thle apparent advantages of this
ine thud of achieving lithe desired waveform aire lalrgciy NillSory andi that this
aIPproatII is Stlit;Ibl Wnly ilt very Special and restricted circunlistrinces. If' tile limelI
history is ,tot to be reproduced, then thle major wave ormil characteristics which
most be reproduced are (1) the spectral characteristics, i.e.. thle variation of'
intensity with f'requenvy;, (2) the Statistical chiaracteristics of' either thle install-
taeus1011 Ot peak values of the wai efurni in terms of the appropriate probability
density functions or correlation funlctions; and (3), wheni multiple control-
CXCitationl parl U1nietes arc inivolved, the interrelationships between these parani-
Cter-S. such aS VClartve Phase, co- anld cIiuadSpectal densities, or cross-co rrelatitonl
flunctionis. While a discussion of' he determination of these wavei'ornr paramleters
from servitce environment data Is beyond thle scope of' this work, it canl be said
thit fixed- or vadialre-t'ruqunCly sinusoidal waveformis rareliy reproduce the
desired ichUarCteristiCS of' th10 Service envivronment altd thus will be infrequently
selucted if' the eniviromenctt is to be simulated. ()n the other hland, it has been
found that thle waveformi characteristics of a random noise signal with Gaussiani
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or normally distributed amplitudes and appropriate spectral shaping will gen-
erally reproduce the essential charactcristics of the service environment and lead
to selection oif the second option above. Excephiont to the above statements-aUn
found in several instances. For example, the vibration du- to high-rate gunfire in
aircraft may be readily simulated by a pulsed or complex periodic waveform as
described in Chapter 3 [17]. Again, the vibration in helicopters includes
motion at the fundamental rotor frequency and its harmonics, Lie., complex
periodic motion, which, conceptually at least, could be selected as the kavefurm
for testing purposes. The selection of a combination of sinsoidal plus random
wavetorms achieved some popularity for testing of early spacecraft when it was
found that certain solid rocket motors exhibited a "screech" which could be
characterized as a sweeping sinusoid superimposed on the typical broadband
random excitation. Clearly this basic approach to the selection Of waveform call
only be followed if sufficient data to describe or accurately predict the usage
enivironment are available. If such data are available, then selecting the appropri.
ate waveform is quite straightforward.

Simulation of D'Eivronwental I<feets, The approach of selecting tile vibration
wavetorm for test which will simulate the effects of the vibration waveform
encountered In service has several implicit limitations. First, It Implies that the
effects of the service envirnmient on the probably as yet unused equipment are
known. Second, it implies that the effects of the test environment on the as yet
untested equipment are also known, Third, regarding waveform, It is implied
that the relationships between the service waveform and service effects and
between the test waveform and test effects are understood, A little reflection is
sufficient to come to the realization that this approach can be taken only on the
basis of past experience with similar equipment and as a means of modifying the
previous approach of direct simulation of the environment to achieve more
practical and economical test conditions.

Arbitrary Selection, Selection of waveform based oi either simulation of the
environment or simulation of the effects of the environment is impliciti, related
to tests intended to delllMtnstate adequacy in a service environment. As dis-
cussed previously, a number of tests have purposes which are only indirectly
related to the service envionment and for which, therefore, the wavetorm may
be selected arbitrarily to best suit the pirpose of the test.

The i110St cnsfnoo1n eCxaUi pie o0f this situation is 'O1k d in those test s conducted
to determine the dynamic charact erstics of tile test item1, i.e., the natural 1're-
quenlcies and mllodes, the frequency reSioise or transfer ltu' tin os, etc. Two basic
waveforms may be selected for this purpose. Plhst, a slowly swept sinusoidal ex-
citation over tile desired frequency range may be used. Alternatively, a broad-
band randoca excitation, typically but not necessarily with constant spectral den-
sity, may he used. A third possibility of using a shock or impulsive excitation
is described in tile literature 118,11J9I. Tile choice between the swept sinusoidal
and broadband tandonm excitations should be based oil tile following factors:

1. The nature of the waveform specified for the design requirements,
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2. The nature of the waveform expected in the service environment.
3, Thie availability of trucking and other ancillary equipment for the analysis

of' swept sinusoidal signals.
4. The availability of' spectral analysis aquipment for ahalysis of randomn

vibration signals.
5. The duration of excitation required,

6, The most convenient format for further processing of the analyed data.
7. The relative total cost of the two approaches,
Following chapters describe the above factors in greater detail, It is appropri-

ate, however, to indicate here, in qualitative terms, the manner in which these
factors affect the choice of approach If the test Item were a perfectly linear
system, the first two factors would be i mnmaterial, However, recognizing the
inherent nonlinearities of physical systems, it is desirable to measure the transfer
functions, ae., with the same excitation waveform (and intensity) as service
excitations In order to minimize the complex effects of nonltnearities, particu-
lary those evident in the damping properties.

Tile next two factors are obviously interrelated. Again due to nonlinearities,
this time In both test equipment and test item, it is found that the sinusoidal
excitation and response will be rich in distortion at many frequencies, particu-
larly at the natural frequencies which are generally of most interest. Therefore, to
obtain valid transfer functions, it is necessary to reiove this distortion front each
signal by filtering prior to the sampaex;itatof the relative amplitudes and, when
necessary, phase of tle two signals. When random excitstion Is employed, rapid
and accurato spectral analysis equipment must be available. Ipt'sing le-point excits-
tion is employed, simple power (or auto) spectral density UIIIYSI'S Will Suffice,
providineg phase relationships are not required. It' ultipoint Xdutotionltn and/or
phase relationship. are required, it Is necessary to compute cross spectral densi-
ties (both c) and quad) in addition, thus complicating the data reduction require-
ments, An alternativc and analagoul approach to data analysis ofrandoen excitai-
tion is the use of' au to and crosscrih elation analyseo , combined with eFourier
translyfoiations. in tcrmps of data reduction comhplexiy and equipment require-
mnents, the spectral and correlation methods are approximately equivalent.

The fifth factor relates to the possibility of damage to the test itemi during
exposure to the selected excitation, Since the complete excitation frequency
spectruin is excited by broadband random excitation, this approach permits the
required data to be obtained during a very short exposure, of the order of 10 to
2U sec. It should be noted tlat the usually stringent requirements on the
bandwidth-time product for statistical accuracy of spectral analysis do not apply
since the statistical errors effectively "cancel out" when a.e spectra are rathoed
to obtain transfer functions, provided tihe sae time sample ot ' data is used for

each signal.
The sixth factor regarding the further processing of the analyzed data should

probably receive the most consideration but often Is wven scant attention. With
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the increasing use of digital computation in structural and dynamic analysis, the
outputting of reduced data from tests in digital form for further processing, such
as comparison of experimenta! and analytical results. becomes increasingly
desirable from a.time and cost standpoint. At the present Lime, random vibration
data are more readily adaptable to such formatting than those obtained from
sinusoidal excitation, In any case, proper design of the complete experiment
requires that the comnplete data analysis and evaluation process be considered
when selecting tho type of excitation for the test phase..

Regarding the last factor, it is again necessary to examine the complefe
experiment, to determine the relative costs of the two approaches. A relatively
inexpensive test which yields data wihich must be laboriously transcribed for
evaluation may well be a pour bargain compared to a more expensive test which
yields the required data in a convenient format.

A further example of the arbitrary selection of vibration waveforms arises in
the selection of waveform for quality assurance or pruof.of-workinanship tests.
The objective here is to select a waveform which will efficiently reveal defects in
the test item while avoiding the occasion of damnuge. All the traditional wave.
forms have been employed for this purpose, In addition [20,21] coniplex
periodic wavefurms with rich harmonic content, such as those produced by
certain reacti0nltype vibrators with impact loading, have been used widely. The
adequacy of the waveform selected can only be judged after the fact, based on
the subsequent failure history in equipment so tested, However, it has been
observed that those waveforms which may be considered broadband, whether
deterministic or not, do appear to be relatively more efficient in revealing
workmanship errors in assembled equipment. For example, dctection of insuffi-
ciently torqued screws, missing lockwashers, etc., is quickly achieved,

Frequency Range. Selection of the frequency range over which the vibration
intensity is to be specified for a test usually requires little more than some
common sense. First, tho frequency range over which the available vibration test
equipment can provide the required vibration intensity and wavefornm provides
lower and tipper bounds. Displacement capability typically limits the lower
frequency cutoff, while the frequency response of the complete vibration
system, including -;ntrol equipment, defines the upper frequency limits. Be.
ynd equipment limitations the purpose of the test in conjunction with the
dytanlic characteristics of the test item, either known or estimated, can be used
to limit the required frequency range to avoid unnecessary expense in both
teoting and dat'a processing. Since response data of interest and equipment
damrage are generally observed at the natural frequencies of the test item, testing
MUre than an octave below tile lowest natural frequency of the test Item Is
unlikely to be particulurly fruitful (unless one is calibrating a transducer, for
example). On the other hand, there is little to be gained by testing to an upper
frequency which is beyund the upper frequency at which damage or malfunction
occurs, or beyond which either the excitation intensity or response characterls-
tics are known or understood. In fact, experience indicates that specificatin of
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test conditions to unnecessarily high frequencies frequently leads to sefious
misin Wrpretatioils, F,• I xampl,, with suffIcient bandwidth, rather large overall
rms accelerations result from moderate spectral density values. While this exam-
pie may seem almost pathetic, It isnevertholess real,Test Duration, The selection of test duration discussed below and the selec.

tion of test level discussed in the.next section are very closely interrelated, With
few exceptions physical failure during vibration occurs through fatigue of
materials. Thus the likelihood of failure is directly coupled to. the duration of
the test,.The motto of a vibration test activity might well be, "If we shake it hard

einough or long enough, we can break it," However, if the duration is to be
selected by one who is less destructively inclined, then three options are
available: (1) duration based on simulation of service life, (2) duration which
will uncover a satisfactory fraction of potential failures, and (3) duration which
will.achieve the purpose of the test.

Selection of a test duration based on operational life may be very straightfor.
ward, such as in the case of spacecraft and boosters, ground-launched missiles,
etc., where simulation of the complete vibration exposure amounts to a few
minutes' test duration. On the other hand, direct simulation of the vibration

""- exposure of airborne equipment which may last for hundreds of hours over a
wide range of intensities is completeiy Impractical. In this case, a test duration
must be derived which, based on some acceptable model for fatigue damage
accumulation, Is equivalent to the service environment. This derivation would
logically lead to a test duration at .ze maximum expected fitlensity which is
equivalent to the Integration of the cumulative effects of varying durations at
varying intensities up to and including the maximum expected intensity. This
might not be considered an accelerated test in the usual sense of the termn even
though simulation of the service life Is accomplished in an accelerated manner. If
the test duration so derived is still Impractically long, then the duration of an
accelerated test in the usual sense of the term, conducted at an intensity greater
by some factor than expected in seivice, may be derived using the same model
for fatigue damage accumulation. It should be noted that the above derivations
should be carried out independently of any factor of safety or ignorance which
is to be arbitrarily applied to either duration or intensity. Chapter 3 describes
quantitatively the methods of deriving test durations in this fashion, An approxi-
mate rule of thumb relating duration and intensity is that a 3-dB increase in
intensity (doubling of spectral density) Is equivalent to a factor of ten in
reduction otf duration.

As discussed further in Chapter 3, the approximate duration to be simulated
may be described either in time, yielding more cycles of motion at higher
frequencies, or in cycles, yielding shorter time durations at higher frequencies,
The latter case is more likely under the second option mentioned previously
when a certain fatigue life, in cycles, correspondlng to Ln effective endurance
limit, is to be demonstrated.



24 SELECTION AND PI.;RiFORMA NCEI OF VIBRATION TESTS

Laboratory experience inl vibration testing seems to indicate that, for a givenl
vibration Intensity, most fatilures that are going to o:ccur will occur Ill the fIrlst
f'w miinutes of' test, regardless of' the type of' vibration waveform. etc. This
experience is substantiated by_ the experience in product assurance tuiiting
described by"Kirk [21 J. In this program, ýconsisting of some 11.000 tests, It was
found thut essentially all workmanship faflures occurred within 15 min, If these

*results mnay be considered typical, at logical me~ans of' selecting u test durationK ; which will detect a satisfactory percentage of potential falliutes is thus. miaiible,
Ot course, the foregoing seenms to fly fin the Nece of cumulative faltIgue damauge
theory, However, If' one postdlates, that most f'ailures in vibration, tests are
Initiated by an imperfection of some kind which causes severe stress cuncentra-
t ion, then t'ailure is due more to exceeding the ultimate strength or the low cycle
fatigue life rather thati the sloping portion of' the normal endurance curve to
which cumulative damiage is applicable.

Although the third option listed above might be considered a catchlill cover-
ing ally situation inl which the first and I econd options do not apply, iogical
selection of' minimum durations, based on the test purpose, may be made in thie
f'ollowing cases:

1.Selection of duration required to verif'y satitsfauctory functional perf'orm-
anve, iLe., how long does It take to check out thle equipment. This Is often used
in conjunctiont with aln accelerated test during which degraded perf'ormance Is
allowed,

21 Selection of* a duration consistent with thle capabilities of' vibration test
CLiUIpotent1, U.g., aI SWCUI) rate Slow enIough1 to permnit UClctate level contro.(l hy
the servos.

3. Select ion ot' a durnation cotnsi sten t withi mintimtumt data req uire menits tot
data analysis procedures. Foir oxample, a sweep rate slow enough f'or aiccurate

F', analysis with tracking filters, X-Y plot ters. etc, Or, as atnother examiiple, a
do Il soili H IctiQ t fo1 adC+Iatot statist ical accuracy In unaIy si s of ra ioili dc
vibratlion,

4. Select ion of' a dotlatiOnl consistent witih achieving desired test object
resp30n1W. I0-o exmple, a sweepI rate sloW eniough to permlit qniuSi Steady stille
respon)SO (SOe ChaJpter 3) or' fast enugh01 to) simullate a tr'atlsiettt excitation.

5, Selection of' a duration cotlsistent with inst runlen tatiott and data ticquisi-
11011 capabilities, e g.. tile length (titnewise I of a reel of mnagnetic tape.

Many similar balses for selectiont or tust duration in tfis category will tin-
doubt edly comeo to tite rellder's mind.

The most difficult problem in the selection of' test duration, partIcularly iiit
is to be based on sinmulatiotn, haus to do with the direction or directions of'

excitation. Vibration testq arec typically conducted Ni' a stated duration in' each
of' three orthogonal axes, one axis at a time, Generally. iftheli enviromtmetlt to be
simul~lated calls for a certain duration, say T min1, th~en the test will conlsist of'
excitation t'or T mlin ill eachl axis, f'or a total duration (If'31 mill. However, It Is
all tunusual test object which does not tespond rallher oninidirectionally. at least
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in sonic resonant frequency bands. Furthermore, It is unusual it' the vibration
exciter, when loaded, does not produce significant crusstalk excitation in a few
frequency hands. rhis approach is thus demonstrably conservative. Howcver, tile
degree of conservatism is unknown and therefore a-determination of the appro-
priate reduction of test time peo axis Is impossible. However, the conservatistn is
probably less penalizing than that engendered by misgulided:attempts-to solve
the problem by exciting in one direction only at a level whose vector compo.
nents in the three orthogonal axes are equal to the required levels, I.e., for equal
components, test at an amplitude of 4J3 or 1.73 times the specified amplitude.

Test Level, A detailed discussion of methods of selecting vibration test levels
is far beyond the scope of this monograph, particularly where the test level is
intended to simulate a service environment, The first monograph in this series by
R. H. Lyon (SVM.I), Random Noise and Vibration In Space Vehicles, [22],
was addressed to this topic for space vehicles. The extensive bibliography In that
work and Refs, 23 through 27 of this monograph will lead the reader to the
"appropriate literature regarding the prediction of vibration environments fur
various classes of equipment. However, the next step of translating a given
measured or predicted environment into a nieaningful test is probably as Impor-
tant and certainly equally difficult,

In fact, two steps are really involved here. First, the environment must be
translated into a meaningful set of design requirements, The second step then
consists of developing a set of test requirements which will demonstrate compli-
ance with the design requirements,

In principle, differences may logically exist between the design requirements
and test requirements. These differences may reflect Inherent limitations of
vibration testing equipment such as maximum displacement, nmlinmum or maxi-
mum practical frequency range, output power capability. etc., in addition to
such factors as test acceleration, uniaxial testing, etc. In practice, it is unfor-
tunately true that the test requiremants frequently tend to become the govern-
ing design parameter due to two major inadequacies In present methods of
selecting or deriving test conditions, which lead to unknown conservatism,
particularly in test levels.

First, the inability to account adequately for the differences in impedanco
characteristics between the usage Installation and the test configuration leads to
the definition of test level in Lerms of input motion to the test item. Such a
definition automatically creates a test configuration which effectively has in.
finite output Impedance at the interface between the test itemn and the test
fixture, In other words, no matter how the test Item responds to the excitation
nor how much force Is required to create the required motion, the test level is
unchanged.

Second, test levels are generally based on data measured under a variety of
conditions at a number of locations on a structure or equipment which is
hopefully representative of' that for which a test (or design) level is to be
selected, In some cases, it has been possible to modify the data previously
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guilered to the present structure or equipment by use of analytical or statistical
technique.s. In •ither case, the test level is generally selected by enveloping all, or
ahlluSt all, e.g. 95 percent, of these data in order to defoie an input vibration
level. Wile s tfely 9 nspervatcen,.thls approach, in cffect, discards the information
contained In at least 95 percent of the available data.

It is clear that those two Inadequacies are interrelated and both derive In part
from the following philosophical point, Any measurement of vibration, either
foree or motion, Is actually the, measurement of vibration rosporlse at a pattieut
lar point of a iven dynamnic system to a gieneally unknown and probably
unknowable excitation, This is.truo whether the measurement Is made In tile
laboratory or in the usaeic environment. Recognition and acceptance of this
fundamental point then make it clear that the definition of a vibration "Input"
Is an artifice employed to define a vibration test In reasonably simple terms.
While it is generally necessary to resort to this artlfli;ce, the level which Is selected
as an "input" should take cognizance of the I'act that It is Indeed a response,
References 1, 28, and 29 describe a technique proposed to nitigate the inade.
quacies discussed above.

Although beyond the scope ol' this monograph to explore the selection of test
levels in detail, it Is appropriate to Indicate the steps that should be employed In
the l'fllowing situations:

I. Simulative tests to which the service envlronunint is known or has been
predicted.

2. Simulative tests for which the service envlrunment is unknown.
3. Design tests and Investigative tests where there art essentially no prior

constraints.

4. Quality assurance tests.
Each of' these situations can be envisioned for the various equipment assem.

biy levels, i.e., pieCVC-trts up thrtough complete systems, and the level selected
should reflect the assembly level of, tile test item us well as the particular
situation. The previous discussion on page II should provide the reader with
sufficient assistance to properly allow for this I'actor.

Test. ,evels fir Knowtn Lnvironments. If the environment may he considered
to be known, It will typically be defined In either the equipil-'clt specification or
a set of design requirements. This definition will often describe the vibration
input, oninidlrectionally or In three orthogonal directions, to the ,,omplete
equipment assembly, e.g., the spacecraft, In addition, limittlotns on the response
of the equipment at certain locations may be specified. Selection of the test level
is then trivial,

If tile equipment assembly contains a number of units or major subassem.
blies, the above definition may Elso include vibration test levels for these
individual parts of the equipment, which again makes selection trivial. II' this
definition is not included, It Is usually netessary to select a test level which will
provide high confidence that these units will be satisfactory when installed In the
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complete assembly of equipment. What would appear to be an appealing up-
proach to a solution of this problem is the determinatilon of the transfer or
frequency response function between the specified Input locationl and the unit
attachmietnts, either by aunlysis cr by test ut' a structural model of the complete
assembly. Multiplicatiun of this.frequency response curve by the specified input
would presumnably then yield the appropriate unit test level, However, test levels
obtained in this manner must be tempered with engineering Judgment, First, the
test levels would undoubtedly vary with frequency in a very complex fashion,
thus'leading to very complIOatwd tests. Second, the dissilmilarltl.s between the
real equipment and either a laboratory test model or alf allalytical model would
render the tine detail of' the frequency response curves essentially meaningless.
Furthermore, It Is likely that the high end of the frequency range would be
attenluated to an unrealistically low level when tihe real environment is
considered.

The most difticult Judgment to make will be with respect to the several large
V. peaks In the derived test levels which reflect the primary modes of the entire

structuLire, It requires a degree ot' courage and, of' course, conviction to select a
test level which does not envelop these peaks Inl both amplitude and frequency,
Yet consideration of tile probable Inaccurucies In the derivation process, the
unknown el'fects of impedance milsmatch between unit and equipment assembly,

the very signiflcaot differences between Installation of the unlit in a very rigid
vibrati•n fixture alld the relatively flexible assembly, and thle probable penalties
dtie to unnecessary conservatism, requires that a test level based on smoothing or
averaging of the transfer functions, rather than enveloping, be selected, The even
more difficult task ot selecting test levels fur components (piece-parts) was
discussed on page 11.

Test Levels Jir Unknownt Enviaonments. When It is not possible to determine
or reasonably predict the service environment, selectio•n of the vibration test
level may be made In one of two ways. First, test levels which previously have
proVen satisfactory for similar equilpmlent or for silmlar use, ILe., spaceborne,
airborne, etc,, may be used again. Alternatively, general Government specifica-
tions stuch as MIL-STD-810 should be consulted. These specilfications usually
contain several alternative test procedures, each of which ailly be conducted at
one of' several levels for a given duration, In addition, guidance in selection of'
the appropriate method and test level Is included, based on the size, location In
the vehicle, type of' vehicle, propulsive system, type of' Installation, use of
vibration isolators, etc. While it is generally conceded that these specifications
call t'or quite conservative tests, the benefits which accrue firomn selectioll ol a
standard test should not be overlooked. These Include such factors as familiar-
ity ol' designers with such requirements, relative ease uof conducting tests,
applicabliltyi for additional applications of' the equtipment, etc. In the case of
components or piece-parts. use of' these specifications is recommended, even
when the testing of the next high r assembly may consist of quite advanced test

methods or nonstandard test level descriptions.
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Test Levels jrbr A~sigpriouv'stigulfrc hoyt. 'rest levels selected for design and
investigative tests, us suggested for the selection of other test condition paranl-
etc rs, hout d bear c lose rel at onshi p to tile levels specified Iur later forurnal
testing. Since the hardware available fur this type of test is often Intended to
serve several other Important purposes, It Is genterally pruden 't to select levels
wh ich are, Initially at least, depr essed froin thle formail test levels. This approach
of gradually building up to full level hus several rather obvious advantages, First,
Iin case of' design' weakness, thle opportunity to detect and understand thle
weakness before catastrophico failure is enhlanced, Second, the threshold at which
failure occurs may be ascertained, thus giving a meausure of' tile degree of design
mlodification required, Third, whenl several design deficiencies exist. theytInay all
be identilled prior to corrective action and retest, thus minhimi?.ing the num11bor
of' Iterative design and test cycles required to achieve a Satisfa, ctory design.

Excitation and Control Locations,

The definitiun or specification of thle locat ions ot the vibration excitation and
th1e lest level control tranlsducers to be used for a vibration tust Is olfen only
loosely defined lit vibration test specifications%, even thlough thle outcome Of tile
test maiy be strongly influenced by these two paramieters, Thus the vibration test
engineer is Iin a position to select these test conditions and Influence thle qloullty
of tile test more frequently than for any of the parameters discussed so for.

The situation arises, of course, fromt tile facet that the vibration specification is
genierally written at about the time, the equipment design is Initiated. Ills% thus
Impossible to describe these locations physically or dimiensionally and they mo1kst
theref'ore be des-.rlbed Iin general terms which provide guidance to the test
engineer when hie ultimateiy selects thle exact physicai location. Frequ'mitty, thle
finui selection Is and can only be made after the equipmeili tis Installed 1il thle
vibration itxture ready fur test,

Inl thle vast m1jol ity Of" test, thu excitation and cuntrol locations are identil-
cal, permiitting discussion of' these puarametens Ini the same wection, For ccrt~idi
speciaiiized tests, additional control locations are employed, requiring somle
separate discussion Inl thle following subscctions. Location of* response trans-
ducers used to monitor the response of thle test itemn has little hopefully,
no - lrlhct on test performiance and will not be discu~ssed.

Input Versus Response. The discussion of, test level selection erinphaslzL'd thle
fundamrenital fact that thle vibration measured at any point represents thle
response of' a Uluynaic system to some excitation, and that it Is only a necessary
artifice to ascribe the characteristics of' anl "Input" ýO such a responwe Thie
signifficanlce of' this point Inl Selecting ecKitation and control locations Is ilius--
tinted Iin Fig. 2-L, If., as Illustrated lin Fig. 2-Ia, the vibration exeitationl call be
described as a singie-point excitation at sonme point of' tile test object with anl
input inipedanice Zj, then the responise of' that itern to a given force or miotionl
exitationl Ij or 1/1 is unique and independent of thle output Impedance o1 tile
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shaker/fixture system Z0 , Zo onl~y defines the ability 01f the shaker/fixture to
create the desired excitation. h-owever, this is not the usual situation and Fig•.
2-lb illustrates conceptually the more conuuo|n situa'tion where the attachment
to the test object is made at a n~umber of points. There will be differences froma
attachment point to attachment point of both the input impedance to the test
object and the output impedance of the shaker/fixture systen:. Thus whe;n the
shaker is excited, the motion at the var'ious attachment points, i.e,, thc responses
of the system at those points, will be a function of the dynamic characteristics,
i.e., impedances, of both the test object and the shaker/fixture. Thus the same
test object, tested to the saitc levels using different shakers and/or test fixtares,
will exhibit different responses, It should bs cLear that these differences will tend

=--:. ... .. .. .... . ... . . .



30 SELECTION AND PERFORMANCE OF VIBRATION TESTS

to Increase in magnitude as the excitation frequency Increases. Of certainly equal
and probably greater Importance are the differences between output impedances
of the shaker/fixture and the supporting structure in the service installation,
Although it is generally impossible to adjust quantitatively the test conditions
for these effects, the proper selection of attachment points and control locations
as discussed in the following sections can at least mitigate these effects and
frequently avoid the generation of completely unrealistic responses in the test
objcnt,

Excitation Locationa In the majority of vibration tests, the selection of
excitation location is trivial, since the only feasible locations are the ntotmal
attachment points of the test item. Then a test fixture is built which will
introduce,. insofar as possible, the required motion at each of the attachment
points, leading, of course, to the design of very rigid, heavy fixtures. The neyt
section discusses methods of controlling the excitation which accommodate the
almost inevitable ditferences in motion between attachment points. it is clear
that, with this approach, the excitation will be introduce. at the appropriate
locations but that, perhaps with the exception of vibration. isolated equipment,
little simulation of the service installation is achieved, On the other hand, it is
usually possible to achieve the desired test levels at these points, A rather radical
departure in customary test specification would be required to permit use of
fixtures which more nearly simulate service installation [30).

Generally, the testing utf components, units, and even small subassemblies is
accomplished as outlined above, in part because it is the most feasible way and
fit part becimse it is at the attachment points that the environment is defined,
can best be predicted, and would normally be measured during a field measure.
ment program. As the physical size and. to some extent, weight of the test
object increases, the above approach is generadly unsatisfactory, Selection of the
excitation location should now focus more on the manner of excitation in the
service environment rather than on only the attachment points.

For example, in the case of an external store on an aircraft (including the case
of' a weapon bay when the doors are opened) the excitation due to aerodynamnic
flow, etc., is applied to the exterior of the store and "flows" into the aircraft
through the launcher and pylon. Any attempt to vibrate the store by excitation
through the launcher hooks is, to carry the analogy one step further, swimming
upstream and, based on experience with a tumber of air.to-air guided missiles,
will not provide an adequate vibration test, A likely resul I o1 such an approach is
the early and unjustifled failure of the launcher hooks before the desired missile
vibration level is achieved. Furthermore, the design of an adequate fixture and
creation and control of the test level at genecally well-separated poliuts on a
massive test object is difficult if not impossible. It is therefore appropriate to
apply the excitation to the store at a number of convenient points, such as moin
structural bulkheads or the motor thrust ring. References I and 4 describe the
results of such an approach, The main point here is that the test must be
designed to create a certain response level within the test object and that the use
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of' anl 1input'' approaches thle ridiculous. TO paraplitisse Diehier 1231, a
I 000-pound miissile cannot be tested using an environmental test procedure
written I'om testing black boxes.

NOt all imassive test objec ts are amenable to the upproachl of' the above
discussion, A complete spucuc;ruft or payload is typically aittachecd to interfauce
structure by being bulted oi- clum~ped to a ring. Thle excitation location canl
usually be only at this ring, due to the characteristics of the Spacecraft structure
and contiguratlott. In this case, it Is recognized that the excitation Is -both

mechanical and acosistIc, Mechanical excitation ac~ts through the interface while
acoustic excitation acts over the entire spacectuaft. Thsexcitation ot the
InterfaUC aS anl inpu1Lt Is appropriate, provided Somec means ol' Con trolling thle
response ol' the spacecuraft to appropriate levels is Included,

Control Locations. It was not too long ago that the test level of' a vibration
test was generally "controlled" Lu thle desired value by rtse of' a velocity
transducer mounted on the end of' thle shaker urmature away fromt the test
object, Fortunately Some progress lits beeni achieved since that timle and thle
locations5 empl)oyed for test level COntrol are- now somewhat191 mo1re nieanlingful,,
For thle maJjority ol* tests conducted as, described in the beginning of' thle previous
section, the obvioius location fur control transducers, generally accelarometers,
was onl the vibratloni tixture adjacent to the test object at tachnment points. For
oxample, MIL-STO-8 l0ll, Method 514, Paragraphi 5.5 states, "The input mlonli-
toring tranisducer(s) Shull be rigidly attachied to and located onl or near the
attach m1e nt point or Points ot' tile test Icite." While it is not completely Clear
Wh lih Side ot' thle aittaIch ment point is Intended by this Statement, It Is customary
tu mount thle transducers onl the fixturc. This Is desirable f'or several reasons,
Such as thle availabIlity of' flut rigid suirfaý,s, the avoidance of marring thle test
object finish, the ability to screw down rttther than glue onl the accelerometer for
test safe~ty, the repeatability of' tests, etc.

For the0 control of' somel of' thle nonstandard tests discussed in Chapters 3 and
4 and briefly in thle previous section. thle control t ransduLce rs must be located as
additional points on thle test object ats Well as at1 thle point1 of' excitatl~on
Selection of these locations must be compatible with or analogous to the
locations for which the test levels were derived, predicted, or measured. Gener--
ailly these would be thec attachment points between the units whichl make up the
assembly uinder test and the major Structural nmembers of' thle assembly. Thus theý
test eniginleer requires a reasonlable knowledge of the origin of' the test levels to
make a irianIngful selection of' control locations for those specialized test
mle thuds.

Level Control Method

As was true 1`or Control locations, thie definition of' level control method is
Often eithei omitted or only loousely specifiled in most vibration test speCIfica-
tions. Until about 11(5 it was geneorally unnleLrassary to define thle control
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method since it was only Infrequently that m1ore thanl one tranISdcIIer Would be
employed to provide thle control signal which Was then used directly as all input
to the vibration test equipment. In the past fIve years, it has be,, mec quite
Co11101 mil It act almost standard, to use multi ple transduce rs to gene rato Control--
signuls which* are processed in one of-several ways prlor~to injection d~ a single
signal into the vibration test equipmenit for Control of thle test level at any
particular time, either manually or automatically by use of' sorvouaxpliflers.
BecULSO Of' rather tfundamential differences of' signal characteristics, tile tech.
niques emnployed ror sinulsoidal atdd random vibra tion aire sufficiently different tol
warrant discussion separately, However, there are one or two fundanmental
reasons f'ur clecting to e mploy several control t ransducers iind these arr, common
to every lest wavef'ornm,

As mentioned previously, most test specIfications ur procedures cullI fur a
certain vIhrat Ion level ito be applied at thle eq'ilpment attachment points, with
theint! 1111catliot t hat tile mtution time his tories will be Identical at all at tach ment
points. Very little analysis or ptactical experlenec is needed to convince ot10 Uhat
there will be significanit differences between these motions, particularly InI high
frequency regions, say above I ki-z. For larger test Itemis, these differences may
be evident us low inl frequency uis 100 to 300 Hz, whereas for testing of' small
components (piece-parts) the diffetenices may not occut below 2 or 3 kHz. The
above rules of' thumb assumec that a "good" vibrution fixture on all adequately
larger shauker Is available tfor use. The cited frequencies canl be reduced sinifltV
cantly with a poor fixture, anl undersized shaker, or a particularly bulky test
Itemt, Inl any case, differenees wvill usually exist within the desired test fri-quoncy
rangc and be greatest at f'requencies where one or more of' the attachment points
become either nudes or mauxinium response points of' thle shaker-artintatur
fix ture/equipmentI dynamic system. When a single control transducer is
employed, severe uvertest or Undertest, respectively, will occur, even 11' the
vibration tc!ýl equipment is able to cope with the required chianges in dr-tving
signul. To accept that this sittuation does constitute oveitest or an dci' lst is
perhaps a matter of' philosophy. It does seem reCaSOnable that thle specified test
level is unlikely to have been derived Im a single, arbitrarIly chosen at tachiment
pinoft of' the equipment under test and is mo1re likely derivedI aS a 11tmmherC reprel-
sen tative of' the motion of' all or any of thle attachment points.

A second reason for employing mutilple curntrol transducers Is concerned
with the empirical simulation ot' Impedance etfects. Although related to the first,
thle second reason Is somewhtat different. InI the First cause, the use of' tmultiple
transducers Is a recognition ot' the impossibility of' creating thle desired identical
mlotionl ol' thle several attachment points. Inl (lhe Second oase, thle use of' multiple
transdtucers Is a recognition that It Is often desirable to permit, or even cencour-
age, dlfTelereces at the various attachmnent points to obtain anl improved shimula-
tion. The "loading down" of' the attachment points due to thie Impedance of' the
test ob~lect Is allowed to occur as naturally as possfble.
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To) Illustrate the foregoing, consider the vibration fixture shown in Fig. 2-2.
Thiis fixture, whit.1i weighs 173 lb, is used to test avionics units welfghing 30 to
50 lbi on a 30,000-lb exciter. It is quite rigid and supports the units through four
pins and bushings, two. at each end of the unit, wnd a screw-type latch at the
front. During random vibration testing in the vertical direction, four accelerom.
eters were pluced as shtown iIn Fig. 2-2 for test level control, The variation of
acceleration ,,pactrul density among these four locations during excitation at 0.1
e 111z fromt 20 to 2000 Hz is shown for two units, one weighing approximately
30 lb and the other approximately 40 Ib, in Figs 2-3 and 2-4, respectively. -
these figures, the two curves represent the maximum and mninimumn spectral
densities of' the individual accelerometer signals, divided by the average of the
fItir individual spectral densities, 'in each I 0.peroent analysis bandwidth. If there
were no variation, the curves would be coincident at a value of unity. It should
be noted that these curves envelop the four individual spectra and do not
represent the spectrum at any individual location. While generally similar, the
differences between tuie two units are apparent. !t Is clear that very olfferent
test.. wo.uld be conducted if any individual accelerometer were selected for
conttrol. In addition, since the test level is representative of a zone of an aircraft
ifis .lage and thus the average of the motion at Individual mounting points, the
expected environment is better simulated by controlling the average of these
fou r accelerometer signals,

Sinusoidnl Test Level Contwio, Figure 2.5 illustrates the several choices to be
made in defining the test level cuntrol. method for sinusoidal tests for either
single or multiple control transducers. It will be seen that certain of the paths
will also be applicable for other nonrondom waveformns. The first decision point

MIMS 1Z

Fig. 2-2. Avion~ics tinit fixtow.%
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Fig. 2-5. FIuw churt fur .selection of sinusoidal test level c:ontrol.

requires a selection between using all the control tranmducer signals all the time
or using only one signal at any particular time through a signal selection device.
In the former case, the average of all transducer signals Is obtained, In the latter
case, the criterion for selection of a particular transducer signal must be estab-
lished, Either the transducer that reads the maximum at the one that reads the
minimum can be selected, as shown in Fig, 2.5,

It should be noted that by appropriate attenuatlon• or amplification of
individual transducer signals, the signal selection device can limit or transfer to
different transducer signals at different physical levels, e.g., Channel 1 at 2 g.
Channel 2 at 5 g, Channel 3 at 500 lb, elc. Similarly, weighted averages of the
several signals could be obtained by modifying the inputs to the averaging
device.

The next decision point requires the selection of the broadband signal or the
flundamental, i.e,, first harmonic of the broadband signal for Lontrol to the
specified test level [31]. It should be noted that there is no techvulca! reason why
the two loops of Fig. 2.5 cannot be linked in reverse order. Thu order Is, of
course, trivial for broadband control. For fundamental control, revtrsal of the
order strictly requires use of a tracking filter for each transducer sila'l, which
may cause problems of equipment availability. Some of the consideratiots which
enter into the selection of an appropriate method are disctssed below.

The choice between averaging and maximum signal selection should ideally be
based on the manner In which the test level itself was derived. If' the test level
represents extreme conditions, then maximum signal selection is appropriate. On
the other hand, if the test level represents some kind at' average level, or even a
smoothed envelope of extreme conditions, then average control is appropriate.
Test levels based on minimum conditions, if they exist, must be quite rare.
However, even when the test conditions are based on extreme condItions, it may
be desirable to use average control to insure that the intent of the test Is not
defeated because of an Idiosyncrasy in one transduc.r signal due to rattling, a
poor fixture, a poor transoucer location, etc, Although difficult to substantiate,
the argument can be made that the acceleration at one attachnment point will
generally be large in comparison to the other points only if it is relatively easy to
create motion of that point, which also generally means that the motion will not
be particularly damaging. Thus the real increase in severity by use of averaging
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instead of signal selection may be less than the quantitative data implies, whereas
the simulation of impedance characteristics may be improved.

Several Governmeit test specifications such as MIL-STD-810B specify that
the minimum transducer signal shall generally be selected for control unless
massive test items are involved, in which case the average slinal shall be used, It
is believed the discussion at the beginning of this section refutes the propriety of
the selection of the mininmum signal,

A decision to select either the broadband or the fundamental (obtained by
passing the broadband signal tluough a tracking filter slaved to the excitation
frequency), whichever is chosen, may be difficult to justify. The need to make
the choice arises from the inherent nonlinearities present in the vibration test

equipment and the test object. These nonlinearities manifest themselves in the
generation of harmonic distortion, particularly during excitation in the neighbor.
hood of resonant frequencies. Test objects in which free play or clearances exist
are notable in this regard. At certain frequencies, the peak.to.peak amplitude of
the broadband aignal may be as much as ten times the peak.to-peak antplitude of
the fundamental component which is the only desired excitation,

Figures 2.6 and 2-7 are frequency plots obtained during a 2-g peak sinusoidal
sweep of a unit weighing approximately 30 Ib, installed in the fixture shown in
Fig, 2.2. Vibration was applied In the lateral direction with the fixture on a slip
plate driven by a 30,000-lb exciter, Figure 2.6 was obtained from the Accel-
erometer Signal Selector output, whereas Fig. 2.7 was obtained from the output
of a response accelerometer mounted on the unit structure. In Fig. 2.6, the
upper curve represents the rms acceleration at the fundamental or excitation
frequency, and the lower curve represents the rms acceleration of all other
components, i.e., the broadband signal minus the fundamental. In Fig. 2.7, up to
200 Hz, it is the lower curve which represents the fundamental frequency while
the upper curve represents the distortion. The unit was characterized by a 30-Hz
toisional resonant frequency which is prominent in the distortion of the input
shown in Fig. 2-6. It is felt that these two figures illustrate the difficulties
inherent in the selection of the sinusoidal control signal and, in addition, in the
interpretation of the results of sinusoidal tests.

A literal interpretation of a test specification which called for a sinusoidal
motion of a certain amplitude at or through a certain frequency range would
demand that fundamental control be employed. On the other hand if fundamen.
tal control were used, then the amplitude of the harmonic distortion could well
exceed the amplitude required by the specification in some frequency ranges,
even though It did not occur at the time expected. Thus broadband control
would, in a certain sense, engender some degree of undertest, while fundamental
control would engender some degree of possible overtest, The majority of tests
ar performed using broadband control. It is not obvious whether this situation
reflects a conscious decision that this type of control is more appropriate, is
pcIjhaps easier to "pass," or reflects the unavailability of suitable equipment for
fundamental control.



38 SELECTION AND PERFORM4ANCE OF VIBRATION TESTS

10.0 T

10 100 ¶00

FREQUENCY, Hz
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Fig, 2-7, Rms acceleration of rasponse signal during swept sinusoidal test -

(A) FxndArncntal and (B) Broadband minum fundamental.
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Two situations where selection of fundamental control appear to he most
appropriate are recognized, First, when frequency response functions are to be
obtained from a sitnusoldal sweep test, it i'mpears to be more meaningful and,
from a data reduction viewpoint, mor': ec,.,,mical. Granting that a frequency
response function of a nonlinear system ii.s -ieaning in tile fhrst place, it Is more
meaningful to obtain the response to a '.en constant level of sinusoidal
excitation, especially if it Is desired to tb.tain ,h•hirsponseat a series of different
levels, Second, if the input sinusoidal lovee, ;- d be held essentially constant
through use of' fundamental control, then the frequency response functions can
be obtained by the use of a single trucking filter for filtering the playback of

.* recorded response signals, The additional complexity 'of ratioing the outputs of
two tracking filters (response/input) can often be avoided at small loss of
accuracy. It should be clear to the roader at this point that it Is ot' questionable

Svalue to obtain frequency response functions by ratioing the amplitudes of
broadband response and Input signals as measured from the envelopes of oscillu.
graphic recordings at slow paper speed,

Referring again to Fig. 2-5, the reader should be cautioned that interchanging
the two loops of this figure when fundamental control is selected may present
test implementation problems, which are discussed in Chapter 5. These problems
arise due to the interrelationships between the time constants of the averaging or
signal selection devices, the tracking filter,, and the standard vibration
equipment.

Random Test Level Control, Selection of' the appropriate test level control
method for random vibration testing is essentially trivial, although there is a
choice of implementation of method. Assuming that multiple control trans.
ducers are to be employed, the only practical approach Is to control the power
average of the individual signals to the desired spectral density, The term power
average, as opposed to the term average means that, within any narrow frequen.
cy band, the spectral density of the power average is equal to the average of the
spectral densities of the individual signals. In other words, the mean square of'
the transducer signals Is controlled, It is necessary, therefore, to synthesize a
signal whose spectral density is equal to the desired power average of the
individual signals. (The possibility of using a weighted power average by appro-
priate signal amplification or attenuatito is self.evident.) Two means by which
such a signal can be synthesized are discussed on page 118.

2.3 Data Requirements

Test specifications and procedures are not usually convenient vehicles for the
definition of the data required during and after the completion of a vibration
test. Although these data do not contribute directly to the definition of test
conditions discussed so far, they are the means by which the satisfactory (or un-.
satisiactomy) generation of the desired test conditions is documented and thus
warrant some consideration here. These data can be grouped into three main
categories.
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1, Data taken for continuous monitoring during test

2. Data selected to verify test conditions
3. Data for engineering evaluation, e.g., response data,
The first category generally consists; o1' continuous recordings of all control

and some if not all response transducers. These data are acquired primarily for
e4valuation in case of failure in either the test object or the test equipment.

L Experience indicates that when a failure in the equipment under test occurs, it is.
a natural instinct for the designer of the equipment to question the test
"conditions in preference to questioning the adequacy of his design, In any "ase,
it may be desirable to know the conditions at the time of failure. When a failure
in the test equipment occurs, it is generally accompanied by a transient motion
of unpredictable.character, Thus it appears prudent to take raw data continuous.
.y during test even though most of it can be discarded almost inmmediately after
conclusion of the test, Except for sinusoidal data for which oscillographic
recording is generally adequate, magnetic tape recording is preferable, since later
processing of the data is often required, The transducer signals to be recorded
should be selected from a consideration of what information is needed to
understand the conditions at any particular time, such as at failure,

The second category includes data selected by both the customer and the
vibration test personnel, For data reduction, it is customary to select time
samples of the transducer signals which are repiesentative of the test conditions,
e.g., spectral density plots, acceleration vs frequency plots, etc. The amount and
kind of data required are determined hy consideration of the minimum amount
needed to adequately demonstrate that the specified test conditions were indeed
generated or the degree to which they were not. Experience indicates that It is
very easy to yield to pressure, in the name of time and economy, to practically
eliminate this category of data but that, in the long run, it is false economy to
do so.

Tile third category of data really has nothing to do with speclifcation of' the
test conditions, assuming that a test method has been selected which has the
potential to provide the desired data. However, a priori definition of these data
may ensure that an appropriate test is selected. The amount and kind of data
processing required to achieve the purpose of the test should be specified by the
customer with the advice and consent of test personnel.

2,4 Necemsary Accuracy

A lengthy discussion of thle accuracy requirements to be specified for the
performance of vibration tests is not appropriate to the theme of this mono.
graph. The subject is not one which has received, in an integrated way, sufficient
attention during the dovelopment of vibration testing. Small segments of the
total problem have received Inordinate attention, while other possibly more
important segments have been largely ignored, As will be seen, accuracy require-
ments are often specified which are virtually meaningless due to lack of com-
plete definition, and sometihms, due to physical impossibility,
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This section has been intentionally entitled necessary acvuracy rather than
just aecuracy lti order to convey tile thought that consideration must be given to
specifying accuracy requirements which are compatible with tile precision to
which the nominal values are known, the precision with which the results of tho
test can be evaluated, and the value of achieving additional accuracy at additional
test cost, In other words, the required accuracy is a factor in the design of the ex.
perlment, This is not to suggest that the normal good practices of using regularly
calibrated Instruments, proper calibration signals, etc., are unnecessary or should
be relaxed. Rather it is to suggest that, for instance, there is little to be gained In
requiring a resonant search using a sinusoidal sweep to take exactly N min. The
only meaningful requirement is that it be slow enough, Lie., the sweep should be
at least N min in duration.

The justifications often cited for specification of test parameters with rather
small allowable variations are the need for repeatability of tests coupled with
quality control requirements. These Justifications presumably developed from
experience that the same equipment tested at different locations, or different
serial numbers of the same equipment tested at the same location, exhibited
different responses and failures, However. experience also shows that even with
very tight specifications, the variability of test results still persists, suggesting
that the major variability in the results Is due to parameters which have nut been
controlled and which probably cannot be either Identified or controlled even If
identified. The greatest contributor to such variability Is the variation between
nominally Identical test objects, For example, Fig. 2.8 illustrates the variability
in the squared transmissibility of five missiles during longitudinal vibration, The
three curves represent the maximum, inean, and minimum values of the squared
transmissibility, averaged over 10-percent baundwidths, between the forward and
aft sections of the missile, a distance of approximately 8 ft. Without going into
excessive detail, all factors except test object variability are believed to have
been normalized out of these figures. Since the data of Fig, 2.8 were measured
on the major structure and averaged over generous bandwidths, It Is not hard to
imagine the very large variability of responses of detailed parts, etc., within the
electronic units mounted to this structure.

A second contributor to the variability of test results occurs when different
test facilities are used. The use of different fixtures, different vibration excitels,
and often different mounting locations of control transducers will all contribute
to what, in effect, is a different test, Although the test conditions are nominally
the same, the effects of different impedances in the two test configurations can
well generate differences In test results.

There is little reason to expect that the variability in the service environment,
upon which test levels are based, will be any less than those which are observed
during test. In fact, there is good reason to expect considerably greater variation.
Thus, while reasonable effort to maintain a certain accuracy in test condtions Is
necessary, it is suggested that only that precision essential to the purpose of the
test be specified.
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Six parameters which are significant, although not oqually so, if) tile specifica-
tion o1f toleranlcCs during vibration1 teStS are (1) duration, (2) frequency, (3)
sinusoidal amnplitudeu, (4) a coloratioii spectral density, (.5) required equalization.
anid (0) fixture charracteristics. Paranotors 2, 3, and 5 appear Ini most specifica-
tions, e~g. MIL-STD-81 011, whorous the sixth parameter has lately been hicluded
In a number of specifckations tor oplice equipment, A tolerance for the first
parameter is seldom specified. Considerations which should enter Into the
selection of toleranceg Iom these puramenters are discussed below.

Duration
The specificationl ot tilme enters into test spovifoations in two ways. 'First, thle

total test duration, or perhaps duration fin each axis, Is specified. Second, the
time to accomplish some pail of' the test, such as a sinusoidal sweep, Is specified,
of course timec it, Iin a sense, the independent variable of the test, b~ut nevurtho-
less, should be peirmitted a r1'dsonubie specified v~ariublility. It Is qfuite easy to
control accurately yet is probably reiatively unimportant to tile oVerall test
purpose, First, the derivation of the nominal test durution, as mniltioined In thle
section onl time. daurti mn (p. 33), is p ibably the must arbitrary test paramleter.
Second thle shape of' a typical tatigue curve Is swech that a A3't uhange in
amplitude Is equival tit to a factor of' tenl in time, Thus the otforts often made to
,set up a sinusoidal sweep so that It takes exactiy 15 min, or- to come buck after
repair of a Callowe to complete thle last few dintites ofa 3.1hour test may be well
meaning and satisfy specifications btit hardly contrihute to thle overall valtue of'
thle test Program.

It is recomnianded that test specifliations shouid generally include rather
wide toilerances onl durations so that undue efforts to meet the exact timles now
.specified are avoided.

Frequency

A typical specification tolerance fo(r ''vibration frequency" is 1/2 Hz below
20 1lz or ±2 percent (MIL.STD.X lOB), It would perhaps be more logical to
specify 25 Ili, as thle cutOfC SO that no0 stCp in thle toieranIcc occurred. Ini ainy
case, t'requency In Vibration testing is, like durationi, more anl Independent vanl.
able than a controllable dependent variable. It is important to specify thle aecu.
racy with which it is nteastured hut spe0Cificailun of a tlorlernce onl freqLunc~ly
itself does not appear to be particularly meaningful, For example, in random
vibration, only frequency bandwidths liave meaning. When specifying the fro-
quency range over whicht a test Is to be conducted, o&g, 5 to 2000 Hz, it is appro-
priate to specify a tolerance on the upper and lower frequencitii. In view of thle
manner in which these bounds are selected, as discussed in the section on frequency
range (p. 22), it is perhaps questionable whether the tuolrance need be as, tight as
±2 percent,
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Sinuisoidial Amplitude

Agaiin citing MIL-STD-810 itO s typicaL. the tolerance for siniusoidalI tests is
"Vibration Amplitude: Sinusoidal ± 10 percent," This stutemenit shouIlI Iniicdi-
uteiy raise the question uf whether the tolerance applies to th-le broadband Peak
amplitude or to the amplitude of the fundameintal or perhaps to the rils vallie CA
the broadband signal, Test conditions which comply, using one ot' these three
possibilities, would almost certainly' violate the sameo tolerance applied to the
other two, Thus the quantity to which the tuolrance applIes miust be cloarly
identified. A specified tolerance, It' it Is to be meaningful and not ignored, must
be unambiguous and attainable with reasoniabie effort and cost. lixperience
indicates that thie specification of a fairly small percentagec variation, such us ± 10
peruent, across the entire frequency runge of test Is often not attainable with
reasonable effort, purticularly during sweep tests, This Is due to the in1teraction
of the control system and the reflected load of' the test object anid, when a shinge
COntro transducer is U5ed, thle Occurrence of' nodes at the control transducer
location, Of course, the finability to meet the specified tolerance will be deter.
miined only at the time of test and cannot be determined u priori. At this point,
calling a halt to the test program in order to at temrpt to conilpiy fends'to be
trauomatic as well as fruitless, A motie reasonable approach, which has been Used
on a number of' occasions, Is it) specify a tolerance, such as ± 10 percenit, which
Must be nufintained uove most of the frequency range and it much wider
tolerance, such as +100, -50 percent, which miust be maintained over the
remainder, For exaspie, onec could pe rmit variations In excess of 10 Percent. in
several narrow frequency bands, each no wider than suy 1/10 of'an octave with a
cumulative banidwidth of' say 113 of an octave over which the variation exceeds
10 percent, Such a requirement is reasonably attainable, does achieve thle
objective of avoiding u poor quality test, and will therefore be compiled with.

Spectral Density

Regardless of the data processing method emiployed, a measurement of the
speotrai density of a random process has two equally Important charac teris tics
whtich shotuld be included when specifying a tolerance abouit some nominal
value. First, any measurement represents the average spectral density of' the
signai within thle analysis bandwidth, (It should be noted that thec concept of'
analysis-~ or elroctive-bandwidth is based on the contribution of' the skirts to
the output of' the filter when a white noise input signal, i1,., constant spectrul
density, is applied to thle filter. References 32 and 33 describe tile smouothing
effects when varying spectral density siginals are applied.) Thus the specification
should incltude a statemrent regarding the maximium accel-table analysis bund.
width ito be employed. Second, apart fromn measurement or analysis Inaccuracy,
any measuiremeont of' spe,.tral density Is subject to statistical or samipling error,
This error is normally defined by
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where e is the normalized standard error, .0 is the analysis bandwidth, and 7' is
the sample data length, Reference 33 discusses this error ln detail. From Eq.
(2-1), it is seen that a tolcrance on spectral density must define a minimum
acceptable BT product. The interaction of these two characteristics is self-
evident. To this writing, practically no specifications for random vibration
include a statement regarding both these characteristics.

Required Equalization

As described in detail in Chapter 5, equalization is the term used in random
vibration testing to describe the shaping of the output spectral density of a noise
source to produce the desired test spectrum at the control point or points. The
noise signal Is amplified or qttenuated within contiguous bandwidths of a comb
filter bunk, while the achieved spectrum is monitored through an identical comb
filter. The bandwidths and analyzer and sarvoamplifler time constants of each
equalization channel must be chosen with due regard fot the statistical errors
discussed under spectral density in Section 2.4. Making the generally safe
assumption that the equalization equipment manufacturer has made a proper
choice, it remains to specify the tolerance on the achieved spectral density, It is
conmmon practice to specify a tolerance of 13 dB (+ 100, .50 percent on spectral
density) across tie frequency range or alternatively, to specify :1.5 dB (+40, -30
percent) below 1000 Hz and ±3 dB above 1000 liz. The latter practice recog.
nizes the relatively easier tusk of achieving the required values at lower frequen.
ties. Compared to the typical ±10-percent tolerance on sinusoidal amplitude
discussed previously, these are generous tolerances which probably reflect early
random vibration test experience when the equalization process was carried out
manually, I.e., with human servos,

An additional requirement that the overall rms acceleration, i.e., the square
root of the area under the curve, be maintained within a certain tolerance, say
±10 percent, is often included. Presumably this prevents unscrupulous testers
from running the test at -3 dB across the whole frequency band. Three problems
arise in using tolerances specified as above. First, the maxinmum bandwidth
within which the tolerance shall apply is unspecified. Second, it is frequently
impossible to meet the requirements over part of the frequency range. Last,
Inappropriate methods of demonstrating compliance are specified.

To expand on these problems, consider the first one, The comb filters of
most commercially ,vallable equalizer/analyzer systems have bandwidths which
increase from about 10 Hz centered at about 15 Hlz to constant values of 25, 50,
or 100 Hz, depending on the number of channels in the system. Unless specified
to the cnntrary, a particular test may be conducted using any of the above filter
banks ana the tolerance on spectral density will be observed for each channel of
the analyzer section, Remembering that the measurement Is the average spectial
density In the analysis bandwidth, it is clear that very different but nominally
identical tests can be performed by changing equalizer systems, Therefore, if

--- - ------ -. - M----.- ý m ý ýT--- .- . - - - i
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there Is adecluate reasonl to select at particular bandwidth for control, thle Cquil*-
IZer CharaCteristics Must N! Specified at piOri.

"rhe second p roblem JS LSsinlilil 1) thO Sit at I oh discussed Under si nsold dtl
amplitude on~ page 44, A similar rnodficuation which permits argei deviarions
ilver restricted bandwidths has been found satisfactory. Fayr example, a speclflua.
tion might state that a larger, variation of' not more tha n ±x dBi in y equalizer
channels is permuissible. In random viblation testing, thle generation at' harmonic
distortion due to nunliinearitles, disctrsqed earlier for shinulodul testing, will cause
excessive responses tin one analyver olhannel due to the excitation InI a different
channel oft the equalizer. Attenuating thle noise Input in thle channel With thle
excessive response is obviously useless, and Identifying thle Obannlel which is the
source oft tile responsei Is impossible, For random vibration testing, the occur-
renee oh' nodes at control transducer locationls is miore significanit than. for
sinusoidal testing due to the broadband nature of the signal. If automatic equal-
ization Is emnployed, the shaker system will attempt to overcome tile effects of
thle nude by demanding a large amownt of power in thle frequency range of thle
node, Limitationis of both dynamic range and available power will thean be
resulted before thle desired level Is achieved atcross thle whole frequency range.
Therefore It is necessary to identify the frequency buind of the niode and depress
thle input In this band so that thet- proper level is reached elsewhere. This can
usually be accomplished by making a spectral analysis of thle motion of the shaker
head, It appears reasonable that a test at thle desired level over 90 percent of thle
frequency range Is mor, useful thart a test at a depressed level over tile entire
frequency rango. Thus a specification tolerance of' thet. type suggested above will
achieve tile objective of the test and Oan Teasonaubly be achieved.

'lle lust otf thle three problems namely thle specification of Inappropriate
methods of' demonstrating compliance, is more a philosophical problem, even
though thet severity of Its Impact on thle ability to vonduct a timely and usefui
lost program is difficult to describe and Is almost unbelievable, With somel
assistance from Murphy's Law,* anl Inappropriate demlonlstrationl mlethod will
almost certainly show that excessive deviations occurred. Thle problem Is
bascially one of frequency resolution combined with a confusion of the desires, to
achieve a certain test spectrum and then know what spectrum was, achieved.

Thle toot of tite problem Is illustrated fin Fig. 2-9, which depicts five equal
contiguous bandwidths (B1), If it signal whose actuall spectral density Is shiown by
thet dotted line is analyzed with five contiguous ideal filters, withl bandwidthis
equal to and lined ii~p with those in Fig, 2.9, then each measurement will be
Identical, ILacli Miter measrues the average spectral density within thle bandwidth,
and the shaded areas above and below the horiiontal line in each bandwidth are
equal. If the ceniter frequency oif one ot these f'ilters is adjusted. as shlown by thle
dotted lines, the measured spectral density will uchange as shown, since thle
average over at different bandwidth is now obtained, 1If a different but still ideal

*Anything tHaM call go wronig wilt,
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tllt.!r wvith ban:1widdi B' is iiseý' to measure this samel signol11 it will mneasure dif-
:crenlt v-alues Owbn the fil ters with bandwidth B3 as shown in Fig. 2.9. The contin-
uous spectral deitsiiy plots obtuincd from a.uwept-frequency analyz~er tend to
obscure the fa,;t that epch point oil the curve actually represents a vaulue averaged
over thk analyzer bandwidth. A comb filter permits the miora graphic bar-chart
display stuch as r~ig. 2.8, where the averaging b,!ndwidth is represented by the

width of each bar.

I ~MEASURiED
-- 0- ~SPE CT RAL

I- DENSITY

FIILOUL NCY -

V11. 1-9. Apparent or icasu rod spectral donsity vs actual :;poctraL density.

eTlen the effects of using real fiters, each with its own cliuractenaste deviation
from anr ideai filter, and when It is remembered that the crossover frequencies
betwelui adjacent filters In it comib filuter usually occur at the lialf-power (-3-dB)
points of* the 11lter, it should not be surprising that two spectral density plots
describing a single signal wiil differ considerabiy !in fine detail unles's the sikme
bandwidths and center tiequencies are used in each anaiysis.

1If the spectral density of' a test livel control signal is detegmined with an
analyzer. parti-ulariy a swept- frequentcy analyzer whose bandwidth is equal to or
less than the filter bandwidths of' thle equalizer/anialyzer system used to control
the test, it is quite likely that stU,,h anl analysis will indicate that the spectral
density exceeded the allowable tolerance, particularly fin the frequency region
abov;; I klil. This will happen evcn though that Santa record, played back
through the equalizer/analyzer system, will show that the required spectrum was
uchlevei. It is suggested that this problem is resolved by recognizing the
following: First, when a test plan is approved, tacit approval of fth.e frequency
resolution of the equalizatton System is included in thie approvai. If a particular
bandwidth equalizvr is required, it must be specified at the time. Second, the
approval also implies that the tolerance unl spectral density Is to be achieved and
demionstrate~d using thic equal lzclunalyze r bundvldths. Third, any later analysis
ot' the contrOl signal with different analysis bandwidths is perforrmed mecrely ito
find Out whalt haUPPCend and not to attempt to control tl,.e test. It is believed
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that any other approach merely leads to fruitless arguments since it Is patently
impossible to control the spectral density in one bandwidth with a filter which
'has a different bandwidth, Last, if one considers the basic purpose, the sinula-
tion aspects of the test, and the data from which the test level was derived, li is
probably desirable to control the average spectral density, ptrticularly above I
kHz, over bandwidths which are at least as wide if not wider than incorporated
in most common equalizer/analyzer systems,

Fixture Characteristics
A trend has be,.ome evident during thu past year or two in which random

vibration test specifications for units to be tested prior to installation In space
vehicles have included requirements on the characteristics of vibration fixtures,
The desigri of suitable fixtures, discussed in more detail In Chapter 4, Is a
continuing source of difficulties in vib-ation testing, The sources of some of
these difficulties have been mentioned in previous sections. One difficulty not
previously mentioned is one of economics. Specifically, insufficient time and
money are generally allocatd to the design and fabrication of test fixtures
relative to the total cost ot the test, particularly when one recognizes the
influence that test fixture characteristics can have on test reEults. Assuming
appropriate location of control transducers, inadequacies of test fixtures grn,
erally manifest themselves its either the inability of the shaker system to produce
the deeired test level or the calpe of unrealistic failures in the test object due to
overtest. Undertest is also possible but generally is much less likely. Speciflcation
of required characteristics of test fixtures Is directed toward eliminating th-se
types of problems. Like most things, however, carrying this to extremen can
create problems worse than the original one.

These specifications on fixtures generally coniain three requiremnwnts. The
first one Is thet the adequacy of the test fixture be demonstrated with the real
test object mounted in place. Second, the specified variation, or rather lack of
variation between motion at tihe attuchment points ot' the unit is to be demon-
strated by making a low level, 1-g or 2-g, sinusoidal sweep through thi frequency
rainge. Third, the permissible variation between any two aitachmenw points is it)
be limited for example to 6 dB, or a factor of two In amplitude, over a
frequency range of 20 to 2000 Hz.

The foliowing implications of this kind of requiremnint should be considfred.
If the dmtionstration is to be conducted with the test unit in -- R'ie, it can only
be performed just prior to the real test. Since the type of proranms in which
these requirements have appeared are usually characterized by very tight
schedules, the discovery of a fixture inadequacy at this time tends Uo cause a
certain amount of anxiety. Since it Is the fixture characteris'ics which are to be
exan'dred rather than the impedance effects of the unit, it is suggested that
either the empty fixture or the fixture loaded with a simple dummrny rmass might
serve the purpose equally well.
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This suggestion also assists in resolving the following p~obIem, It is desired
that the fixture be adequa.te during a randome vibration test, generally at high
spectral density levels, Because of notillnearities, the variations measured during
a low level sinusoidal sweep and those mcasured during test will be quite differ.
ent, with much greater variation during the former. Thus the fixture should be
evaluated at full level which Is possible either empty or with dummy load but
not with the real unit. This approach also avoids the problem, discussed on
page 36, of deciding how to account for harmonic distortion during the
sinusoidal sweep,

The manner itn which permissible variations are to be specified requires
careful consideration, First, it is the variation between the motion at any
attachment point and the motion represented by the control signal which is
Important, whether this be a point on the fixture somewhat removed from an
attachment point or a power average signal (see Section 2,2, discussion of
random test level control) derived from the motion at several attachment points.
Second, the maximum permissible variation ahould be described in a manner
which is physically achievable, Except for very compact test objects, this means
that large vadations must be pernitted over some reasonable frequency range,
similar to the suggestions made in previous discussions of equali.ation and
control tolerances, Of course, the fixture Is only one link in the shaker/fIxture!
test object system which is to be controlled within some acceptable tolerance
band,

To illustrate the problems of fixture specification, consider the fixture
sketched in Fig. 2-10 which is the plan view of a 3-112.in, thick aluminum plate
which bolts directly to the head of a 30,000-lb exciter, It was used for testing
several light units together as an operating subsystem, One of the units was
rectangular, approximately 15 X 25 X 5 In, thick, and spanned most of the
fixture as shown. This unit weighed approximately 25 lb while the fixture
weighed 200 lb. The unit attached to the fixture and to the spacecraft by 21 No.
10 screws, To evaluate the fixtuie, accelerometers were attached in the rec-
tangular grid shown in Fig. 2-10. Acceleration spectral density plots were
obtained for each accelerometee signal during random excitation of the empty
fixture at 0.2g2/Hz between 20 and 2000 Hz controlled at location A. The
spectral analysis employed a 10-percent bandwidth. Using a digital computer
program, these spectra were examined to determine preferred locations of units
on the fixture and preferred combinations of accelerometers for power average
control, which would minimize variations between unit attachment point and
control signal motions. Below approxinately 800 Hz, the fixture behaved
essentially as a rigid plate. The variations above 80C Hz are illustrated in Fig,
2-11. The two curves of this figure represent the maximum anplification and
maximum attenuation between any accelerometer location In Fig. 2-10 and
accelerometer location B. The values were obtained from the square root of the
ratio of the spectral density values in each bandwidth. In other words, they
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Fig. 2-10. Hat plate tixtort , 3-1/2-in..thitck almlumium.

represent approximately the rms transmissibility within each I .pcrcellt band-
width. In decibels, the largest deviations were +18,6 dB and -14.9 diB. While this
example nmy be a 3o situation, It is believed that the need for cure in applying
fixture specifications Is apparent, Clearly, a more simple or rigid fixture is hard
to imagine and the units have to be tested in whatever size they are built,
Although It might be desirable, specifications so far have been unable to chaange
the laws of physics,

Besides consideration of specifying fixture characteristics which awo practical
to achieve by use of normal vibration test equipmnvnt and good engineering
practice, consideration should also be givon to the effects of such a specification
on the simulation charact'ristics and therefore confidence in the test results. The
kind of test objects cited at the beginning ol this discussion typically mount to
spacecraft structure through many small %crews. It is suspected that in many
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Fig. 2-11I. Maximum amplification and 111axillum, attenuation of vibration tixture
(sou Fig, 2-10).

instanlces, It is the un1it which stiffens the Mtruc ture, rather th1an vice versa.
Tosting of sich units on very rigid fixtures, such us a 3-l/2-ln.-thick miagnesiuma
plate, is less thani u complete shimulatiOn and obviously Introduces atypical
responises in the unilt during test, While it is still beyond our capability to solve
this nimulation problem, it does not appear that encouraging a trend to more
rigid flxturcs through overly rigid fixturec speciflcations is a step toward im-
proved simulation,

Sumsninary

The discuIssion In this section under the title of' "Necessary Accuracy" has
been rather far ranging aild has attompted to anulyme a number of f actors which,
when controlled to appropriate tolerances or accuracy, will provide useful
and valid test results. In effect, an approach to specification of vibration tests
which constitutes a balanced design of experiment has beens described, It is
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perhaps appropriate to conclude the discussion by summarizing the maill points
which were as follows:

1, Selection of permissible variations of test conditions should be bused on
requiring only that accuracy necessary to achieve a proper design of experiment,

2, The allowable tolerance specified on vibration level should be consistent
with the accuracy with which the level was derived.

3. If specified tolerances are to be useful, their specification must be com-
plete and unambiguous,

4. If specified tolerances are intended to be complied with, the tolerances
must be physically attainable with reasonable engineering effort,

5. The use of power averaging control in random tests and averaging or
signal-selection control in sinusuldal tests will both Improve the quality of the
test and the ease with which specified conditions can be achieved.

6. The quality and value of a vibration test Is primarily a function of the
competence of the test engineering personnel, The use of ulose tolerances as a
means of' achieving high-quality tests is not always effective and may even be
detrimental,



CHAPTER 3
SIMULATION CHARACTERISTICS

OF TEST METHODS

The purpose of most vibration tests is to simulate the conditions that will
occur in the intended use of an item, i.e,, Its vibration environment. It was stated
earlier that tests are intended to simulate either the environment or Its effects. In
reality, vibration tests only simulate the effects, Real environments are much too
complex to reproduce exactly, in addition to the factors such us waveform,
impedance, excitation direction, etc,, there are the effects of' other environments
which may act simultaneously with the vibration such as high temperature,
acceleration, etc. Hence, vibration tests are designed to simulate the more
important vibrational characteristics of adtual Conditions and thus produce the
desired effects. The important characteristics are related both to the objectives
of the test and to the damaging effects of vibration, These factors, which arc
interrelated, dictate the degree of simulation required, Chapter 2 contains a
discussion on the simulation characteristics of various test parameters and
techniques in terms of how these factors relate to actual environments and their
importance in relation to the objective of the test. Conversely, this chapter
contains a discussion of simulation characteristics in terms of effects, The test
parameters of the standard methods, i.e., sinusoidal dwell, sinusoidal sweep, and
broadband random, are examined and compared on the basis of their damage
potential, In addition, the characteristics of two "non-standard" methods, nar-
rowband random and gunfire vibration, are briefly discussed.

The discussions of test simulation here are, of necessity, more mathematical
than other chapters although the treatment has been purposely simplified. More
rigorous treatments of the material are found in works listed in the bibliography.
A word of caution: The subject of vibration is complex and the simplified
ila tile natical treatment opens the dour to misinterpretation and misapplication.

Even if the mathematics is manageable there is the danger of ascribing morc
accuracy to the analytical results than is justified by the accuracy olf the input
data.

3,1 Mathematical Model for Measurement of Simulation Parameters

Where necessary, the properties of different test methods or of a single test
method as a function of the test conditions are compared by measuring response
parameters of a single-degree-of-freedom (SDF) system. The equations for an
SDF system are convenient and familiar to most engineers. They are not limited,
however, to the study of SDF systems, since in normal mode theory the
differcntial equations of' motion for a single normal mode of a muitidegree-of.
freedom system have the same form as those for an SDF system.

53
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The inathemtaticul model used for the evuluatluors is shown in Fig. 3-1. A
btise-excit,'d system was ehowen because tile preponderwnce of tests 1110 per-
formed by controihiig the base motione, 'lh ditfTrenttal equa.ition of motion lor
this systeri Is

HI 'F + c\ " - ; + k (x -s) 0,

or, altermntively, In lerm•s of the relative motion,

day dy dtsm" j + - +cj -ky = - "7

Where

i = muss (lb.-suc 2 /In,)

c = viscous damping conistat.t (lb-sec/hb.)

k = spring cOtnst ot (lbs/lin,

x~t

YWtt xii) - st)

1i-g. 3-1, Mathoinutival mtndl ol toigt.d~gruc-of-frocdoin
(SDi) systin,

The steady state solutions of thseso equations Iom sinusoldai excitation of the
form s(f) = So sin wt, where both S, anud w, the forcing frequ•ncy, are
constant with time are

- - Tsin(ct -o ),
So
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and

g = H sin (wt - 0),SSgo

where T and H In these equations are defined as the motion transmiissibility and
the amplification factor, respectively. The equations for these factors are

S!1+ (2•'/•t.,)

V4=--- (3.1)
[I (WI/W2)]' + (2ta.4wn)2 (3 )

and

H V (3.2)
I ~(W2/2H)A1) 2± (2.,WO)

where

t•= fraction of critical damping (c/2VTni) (dimensionless)
Wi = undamped natural frequency (y¶7i) in red/sec

;j - w,,1/2ir Hz.

Ti'h transmissibility T Is poltted vs the nondimensional frequency cw/w, in Fig,
3-2 for several values of damping.

For steady state excitation the maximum response will occur for the forcing
frequency approximately equal to the natural frequency, W/W,, = I. In this
case Eq. (3-2) reduces to

H=

The value 1/2.ý Is defined as the peak amplification or quality hIctor and is
commonly reforred to us Q.

The quantity Q, a term often used hi electrical engineering, is a measure of
the sharpness of the resonant peak of' an SDF system. This is Illustrated In Fig,
3.3, which is a detail or the resonance area of a response vs frequency curve. The
bandwidth B of this resonance peak measured at the halt-power point (ixe, at a
value R = R, 1axj/V) is approximately related to Q by

B --- (3.3)

for values oft damping, ', less than 0, 1.
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Fig. 3-2. "'runmmissibllty fuiwtbows ur SDF systun) (from Eq. 3-1). From
Shock and Vibrationt Handbook, vol. 1, Fig, 2.17,1p. 2-12; copyright 1961
by Mc%;raw-l-lilt Book Co,, Inc. ULed by perlmission.
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11andbcook, vol. 1, Fig. 2,22, V. 2-15; copyright 1961 by
McA~ruw-11ItU Company, Inc. UWed by pormIssIon.

3,2 Sinusoldol Test Methods

Single-Frequency Sweep

01' thle two Standard sin11usodal methods, thle mlngie-friequency sweepl Is thle
least likely to resemble anl actual environmeont. Novertholess, it Is a Inure
desirable test than the resoritnce dwell fori reasons whilch are explained in tile
discussion of resonance dweli testing (page 67).

In the sweep test the excitation frequency w is continuously varied betweenl
all Lipper and a lower frequency limit. The I-ate of' change of' tile excitation
f'requency and the mlethoud of, Varying flits rate as a func'tion ul' test frequency
have a sIgni ficanit effect oil tile response of equipmnent. Thei Sweep rate controls,
thle amplitude oft resonant responsc, and the sweep nmethud controls thle amoun t
ofttIme or number of cyc-les in any frequency rangu.

Effect of Sweep Rate. When a specimten Is excited by constant stinusoidal
excitation at a rasoinant frequency, thle amplitude of' the response will gradually
build up to a level proportional to tile level of' excitationl and thle amplfle~ation
factor Lif tile resonance. This ftiril level is termed the steady siate response. Thle
nIumIber Of' Cycles Of constanllt excitation required to obtain steady slate response
Is proportionial to thle amlplIl icatlon of' the resonance; the greater the Q the more
cycles necessary it) build up to steady state reSp)Onse. Wh'en thle excItationl
frequency is varying, its in a sweep test, tile number of' cycles itt any frequiency
banld Is dependent onl the rate of' change of' excitation frequency. Steady statc
response canl be approximated only it' this rate Is slow enough to allow a
sufficIent number of' cycles to occur in the bandwidth of the resonance (sce Hg.
3.4).
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(fromt Rot. 37),

Witli a SWOOP parameltC[r i'f one, thle ruSponlsouobtained in a sweep test wvill be
approximately 95 percent of' thle Value Which could be obtiilnd in a) dwell lit thle

III addition to the elffect onl response amplitude, the sweep rate has anl effect
onl the t'requettcy of' Peak response. Withi anl inceausing excitation 1'requency tile
peak response will occur at a f'ruiqucnecy greater than the rosonant frequenlcy.
Withi decreasing exuifation f'requency the peak will occur at aI f'requalicy less thanl
thle reSonan11t fr-equency. The amount of' shifft, like thle amplitude of' response, Is
dependent onl Sweep rate, dumping, etc. This effect is illustrated in Fig. 3-0.
which shows a series of' response curves Lit variokus sweep rates for both du-
creasing and Increasing excitation f'roquoncy 134].

Effect of Sweep Method. Decpending onl the purpose of' thle test, one miay
wish to control the nunmbcr of' cycles or toeilme a1olt hligh alinplilleatilon. For
example, simulation of' tranlsients may reqluire anl equal niumber ot' cycles, sintce
natUrail m1Lods Wilit equa~l dumpitng will docity in an equal nunmber of' cycles.
Similarly, a fatigue life-tost wouild dictate an equal numbeti of cycles at eachi
resonance. However, Ior a service lif'e-test equal time ait high amiplificationl may
be more desirable. The appropriate sweep method will be different for each
requirement, and may be dateimilned aS outlined Ill thle following paragraphs.

Swcepl Methiod to) 1roducu b.'lual Number of Cyci's at Each Resonauc,e For
ai system excited by swept fhequency, the number of' cycles at any resonance
with peak levels equal to wt greater than a given f'raction K of Steady Slawe
responlse (see Fig. 3.4) canl be approximated by
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where the subscript i refers to the 1t1 resonance. Substituting for 77 from ELL.
(3-5) results in

N, Q1,Ijl (3-6)

For an aqua) number of cycles at each resonance of' a spvcimen, it is evident
front Eq. (3.6) that the %weep rate muit be inversely proportional to the
amnplification factor and proportional to ihe square of toe frequency. That is,

a 
2

Qi

A relationshiip between Qj and f1 would allow lormulation of' a proportion-
ality between sweep rate anid sweep frequency. There are two types ofidamping,
:.ysI em and unaterial, which must be considureL fin searching for U relationship.
System damping inciudes thle damping that occurs hi (1) interlaces, jolints, and
fa, steneors, (2) electromechanical systems where energy Is dissipated because ot
Interactioii between electrical or eiectromagnetic phenom~ena and physical
bodies, and (3) hydromiechanicai and acoustic systems where enlergy Is dissipated
through fluid flow. Material damping, convermJy, Involves the energy which is
dissipated within tkLŽ body, of' thc Struclturai material. System damping, even
though it can be an intpartant mechanism in the total energy dissipated by at
specimen, does not lend itself to mathematical treatment and is therefore not
discussed here. Material damping. on the other hand, has received considerable
mathematical treatment with results that have important significance for vib ra-
tion testing. Lazan [381 shows that the amplification of' at natural mode of it
specimen is related to the totil strain c-nergy Wo' and energy dissipated Do inl the
modod by

The strain energy is proportiinal to the square of the stress, which. inl torn, is
proportional to the viblation response (e.g., deflection velocity, or acceleration).
The specific damping energy is related to the stress by

I) = Jul,



62 SELECTION AND PERFORMANCE 01: VIBRATION TESTS

where J is a material constant. This relationship is approximated from damping
vs stress data gathered from a variety of materials as illustrated in Fig. 3-7, For
viscoelastic materkils n * 2. For many structural materials, however, 11 A 2 and
has representative values of n = 2.4 in the low-to-intermediate stress regions
(stress levels less than 80 percent of the endurance limit) and n = 8-in the high
stress regions. The total damping energy Do is related to the Specific damping
energy D by factors which account for specimen geometry and stress distribu.
tion. The equation for Q is therefore restated as

Q K (response level) 2-n, (3.7)

where K is a constant only fur a given material, specimen geometry, and stress
distribution. Consequently Its value will vary widely for different natural modes
of a specimen. Therefore, for most systems, there Is no valid relationship
between Q and natural frequency, and the sweep rate proportionality cannot be
reduced to a function involving sweep frequency alone,

There are, however, certain special cases where Eq, (3.7) Is useful for defining
a sweep method. For viscoelastic materials n - 2 and, from Eq. (3-7), Q is
independent of response level, In this situation (n = 2), the constant K is
independent of specimen geometry and stress distribution and is a function of
material alone. Therefore, If the damping is dissipated in the same material for
all modes, Q Is a constant, and a sweep tate proportional to the square of the
sweep frequency will produce an equal number of cycles in all resonances of the
specimen.

TYPICAL
VISCOELASTICADHESIVE

INSHEAR

i STAIN• i--PLASTIC

0.1 - BAND FOR VARIETY OF

.. STRUCTURAL MATEnIALS

0,01 (NOT SELECTED FOR HIGH
L DOAMPIN13)

0.0021 1 1 1 1 1 1 1
0.05 0.1 0.2 0.3 0.4 0.5 07 1.0 1.5 2.0

PERCENT OF ENDURANCE LIMIT

Fig. 3-7. Damping stress relationships sarom Ref. 38). From
Structural Damping, papers presented at a colloquium at the
ASME annual meeting In Atlantic City, N.J., December 1959;
copyright 1959 by the American Society of Mechanical Engineers.
Used by permission.
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Sweep Method to Produce Equal Thin' at Each Resonance. The time spi'nt in
any fictluency band is equal to the number of cycles of oscillation that occurred
while In the band divided by the ccnter frequency of the band, and therefore
from Eq. (3.6)

S = (3.8)

For equal time at each of the ftil resonances, therefore, the sweep rate must
be proportional to frequency and inversely proportional to amplification factor

Qi

For viscoelastic dampirng of a spechinc of unlfonnr material, Q Is constatnt and
the sweep rate Is proportional to sweep frequency.

Characteristics of Linear and Logarithmic Sweep Methods, There are two
standaid sweep methods, linear and logarithmic. In the linear sweep the time
rate of change of frequency is constant. This constant It Is called the linear sweep
rate with units Of Hz/seeC. In the logarithmic sweep the exVitation frequency is
varied at a rate proportional to itself. Hence.

fp I 3n2
60

where 0 is the logarillhmic sweep rate in OCtave03/min.
Substitutlon of these terms fur i1/ Into Eqs. (3-6) and (3-8) provides the

follouwi•g relutioishlips for tile number of cycles and titme spent at each

NLnerh 1(39)

V 7K2
Qh1 (3-10)
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60f

NLoprldthrnll:-.-,(.1

60 - 1
K2 (3-o12)

The time required to sweep between a lower and upper freqaency limit In a
linear sweep In seconds, is

T, J - (3-13)

The timei required to sweep between two frequencies in a logarithmic sweep,
In seconds, is

60_ (3.14)

Diagnostic Uses of Sweep Tests. A common use of the sinusoidal sweep is the
delerminationt ol test Item dynamic properties and the efFect of excitation
frequency upon perfuormance characteristics, Resonant frequencies can be doter.
mined by monitoring the responses of the Item as it is excited by sinusoldal
acceleration with slowly varying frequencies. Functional performance of upcr-
ating equpment can be monitored during the sweep to dotermine critical fre.
quencies where perfomiance is degraded. It is Important in these tests that tile
sweep rate b:.ý slow enough to uppruoimate steady state conditions, as discussed
outlier, the amplitude of response and the frequency of peak amplification arc
dependent on aweep rate.

"Transm'' ibilities and peLk amplification factors are properties which canl also
be determined in a sweep to, (The more general case of' modal testing, where
detailed dynamic properties such as mode shapes are determined, is discussed on
page 68.) The transmissibility is defined as the ratio of a steady state
response parameter to a steady state excitation param4' ter, such as the accelera-
tion tesponse of a part of a specimen divided by the acceleration excitation of
the specimen. Conversely, the peak amplification factor Q Is a nmeasure of the
demping In a particular mode of vibration and Is related to the sharpness of the
resonant peaks in the transmissibility curves. The value of Q cannot always be
determined from the peak value of' the transmissibility curve as It is often

_1~
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Incorrectly done. (in certain special cases where thle test itemn maly be considerod
an SDF- system thle Q may be equal to the peak transmissibility.)

*The following example illustrates thle difference between Q and trails-
iniissibilitv. Consider a structurally damiped two-dogree-of-freedom system as
ihown in Pis, 3-8. Thle structural coefficient for this system is 0.05, U value
equivalent to a Quof 20. The motion t ran sitsisibili ties between the mnasses and
the foundation are shown in Fig. 3-9. Thle peak values of the transmissiblliticm In
thle ,two natural modes vary depending on coordinate even though the damping in
each mode is equivallent to a Q of 20. The Q's can be determiined, however, t'ruin
the relationship between the halt-powcr bandwidth, natural frequency, andQ

The accuracy of' this computation for a particular mode depends not only onl
instrumentation accuracy arid curve resolution, but also oil the participatluon of
modes of other natural frequencies. If there are two close natural f'requencies,
each natural modeo may significantly participate in the response at both fre-
quencies. In other words there will be interference and the shape of the
resonance curve will Include the response moution oft more thanl onc molde; thus
the computation of' the lialf-pOwer bundwidth will be in error, This Is illustrated
in Fig, 3-l0, a hypothetical transinissibility curve showing two resonances close
in frequency. '[he dotted lines indicate: the shape: the resonance curve would
have It' there had been no Interference. The error in bandwidth is noted by thle
different;,, in widths measured between thle solid and the dotted lines. There will
always be sonme interferensce In the resonance peak fromn participation or' otlher
modes, regardless of' the separation in natural frequencies, However, the finter-
ference will have less effect on high resonant peaks than it will for low resonant

SS BIN0U

Fig. 3-9, Tw~o- degrce-o f- fret, oni nodalI
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1
MAX

Fi9g 3-10. Two close rmsniances lilustratirig error In deter-
siiiii big peuak uni pirleatu ioii 'rouli Iiuwastirolel men ofuit-powur
buiicwid iii

peaks a~d, therefore,. whenI there is a choice of' transinissibillites from various
locations It Is b~est to ineasuru the bandwidth of' tile highest peak deseribing tile
resoulainc,

Resonancee Dwell

InI the resontance dwell the test Item is excited with constant sinusuidal
motion at a series ol'tL~ed fiecqucncles corresponding to the resonant frequencies
of [lie test Item. The test Is desigmwd( to simu11latte tile fatigLue effects of a vibration
environ inc 0 t based onl the assumpjt ion that IlbitIgue daim age Is primnar ily tilie result
of' resonant response. Thiiis assu mp tion may be warrantied. bnt tile test Is dl t~ileit
it) relate to sei vice conditions which have randomn loading histories. The diffl-
cult'y Is InI thle deieumin~itioll of' test conditions, levei, and duration that will
simu iate tilie sorvice f'atigue ofe 1ccs. It Is, esasenittially, a problem oft d etermining
an1 equI~valen~ce betweenl sinus1oidal and iaiudomn vib rat ion. Mathematicail studies
0of this CLIqIUIvalenc, Wvhicii 1-e Con1sidered inI a later section, and ex perimienital
stuidies5 I3Q-.411 show a wide variation InI results, Suggesting that anl equivailence
does not exist except Iom a Few special cases.

The specification tor a dwell test should Include (1) a definition of' the
resonant frequencies or a specification of how they are to be determinled, (2) the
level of excitatfion, and1, (3) the duration ul'each dwell. I

The numbecr of' freqluncies tested is usually less than the number of resonant
lhequencies the Item possesses within tile freqluency lunge of' thc test. This is
at 10oed to eable! ainmindat I onIiILII lrbl lbo e ach resonaniice tested within a
mlax mmuii (UI lotaItst d ine. Thie de t erin tat ion of' these test f'requencies Is the
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Cr1 ticial f'actor III dwell I es tAng. For anll adqu ate t est the treque neic s se lec ted
Itlust~ corresponid to tilereusutiances where f'atigu; f'ailure Is most probable in the
Sorvkte enivironilitent. To aecolnpiigh tills thle iteml mlust receive prior testing and
analysis to determina tile signitleunt resonances, The signillicaite of' thle reso-
rianues canl only be determined by a knowledge of the stresses that occur in Ouch
resonance. Mally wdiitury environimental test spocilicutions suggest that thle
slgn~ifatenu of' a resonance canl be deturniftied by the level of' thle transmiissi.
bilitiei measured In a resonance search. They recommend that resonances with
peak transmnissibilities greater thun two be chosen fur dwell frequenicies. How.
ever, since thle peak levels ot' the transmissibility data are dependent onl thle
location of' thle acceferotuicters', this mnethod can result in the selection of'
Iinsign llifi~ ant resonanices and, mlore im1por tanit, the signi1ficantl resuna rlces may go
undetceted, F~or example, consider the truilstnissibililies of' the two-dogtoo-of-
freedont systemi shown inl Fig. 3-8. Ant acceleromietur placed on tile farger miass
Would mneasure a peak tiansmissibilIty oi' less tihan two at tile second resonanlt
trequency of' thle system (see Fig. .1-9). Th'iis resonance, which huppens to
produce highi stresses fin thle springs between thle masses, would not be chousen for
resonance dwell accordin~g to the above criteria.

Modal Testing

Modal tests, cuoninonly referred to III thle lIteraturo as resonance testing, are
carried out to dceteinine experi men tally the dynamiic parameters ol a test itilnt.
These mecasurable parameters, atc 0I) natural irequencius, (2) principal inode
shapes, atnd (3 ,) non1dfntCINsMlunl damping factors, A shinpiliflud type of' modal test
Is thle reown alice search tost whii ch is caurrfed onl it)t de terminein resonant fro-
quenCIieS of' thle tesf tm.01 piliot to thle rusonance dwell test, 'This sectioni discuasse
ruetliods tor determining mode shapes and damping coulfficients which require
muore compiicated test procedures, instrumentation, and data reduction anld
evaluattion, Tite theory of' resonance testing Is well docunnented ilt papers by
Kennedy and Panicu 1421 and B~ishop and Gladwell [431, which are summarized
in thle fo llowinig discussion,

Thle loon da.1t iO r of 111111 no rrn iCmd theUory Is iiial fu st ac tote, whien vibrating
fr-eely or wilien forced, has a tota itl owt ion Which Is a so in of' thle mu othin s of,
intldivid u i normal inodes. T he prope rtiles of'110 min ti nodes are

1. Fadc Ilono il tai tubLe te sfponds to at a pplied f'orce it at shingle-degree-i i'-
fireecdoimu sy stemt i.e., there is. no cou pling I)Cwee n non nal i Ilodes,

.In a-otaimdeahpit I i rs t n? i e s ab~out it's ecluif ib-

riumi position along a certatin litie inl space, fixed relative ito die cludi b riotill
position and~ straight Whetn time osctillations are smalf enoligfi So tIIIittill atngles tIre
equal to their sines.

.3. It tlile case oft simple harmionic vibratiott fii it norital mlode. till polints
mlove Citlier exactly Inl or exactiy out of' pha',se With eatch tithie. [limit Ii. till p)OttIS
reac ali ax imnim depa rimtues hoin01 the0ireoiilrimiipslt C(LIII-II i pSti lSd Utile4. sa l1I ilStIUitt
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4. The shape of each normal mode is fixed Ifr a given system and is indepen..
dent of the magnitude, ftreqUncy, or location and direction In space of the
applied external forces or of the deflections in other normal modes presont. That
is, in any given normal mode, the ratios of the doflections at all the points of a
structure to the deflection at an arbitrary reference point are always constant,
and the directions of these deflections are fixed in space, These relative rnagnl.
tudes and directions in space are characteristic of the normal mode, and their
specification for every point in the structure will be referred to as the descrip.
tion of the "shape" of that mode.

The properties of normal modes hold rigorously only for proportional
damping, where the damping matrix Is proportional to the stiffness or inertia
matrices, or for zero damping. Damping, which is always present in actual
systems, may or may not be proportional, For the mathematius to be tractable,
however, the assumption of proportional damping is required. Because the
damping forces are small in Wctual systems the errors in this assumption are not
great. Some experimental methods described by Bishop and Gladwell do not
requlr- the assumption of proportional damping, and the reader is referred
to their paper for descriptions of these methods.

Because the shape of each mode is fixed it Is possible to describe the motion
ot each mode by a single coordinate q, which is called the normal coordinate,
The physical coordinates of the system are related to the normal coordli,ates by
the linear transformation

(J~ (tJ =, qj, (0,
n'I

where 01, represenrts the amplitude '.f the ith coordinate when the system is
vibrating in a single mode of frequency w,, The array of N elements 0j, is the
mode shape for the nth mode.

The equation of motion fum the coordinate of a normal mode has the Sallie
fuorm as tile equation for an SDF system

+ 2 •n nqn + O~ q0  Ft),

where ý', is the damping factor for the nth mode and W,1 is the natural

frequency.
The problem In resonance testing is to determine the mode shiapes Olt,, thle

damping factors ',,, and the natural frequencies cj,, from the measurable

quantity Us(t), the displacements of the system. Bishop and Gladwell discuss
three separate techniques for resonance testing: (1) the peak-amplitude method,
(2) the Kennedy and Pancu method, anI (3) methods involving pure.niode
excitation.
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In the peak-amplitude method the structure Is excited harmonically and the
amplitudes at various points are measured. Total amplitude is plotted against
excitation frequency for the various locations, The natural frequencies are
identified as the values 'of w at which the peaks are attained, The damping
factors are determined by measuring the sharpness of the peak about the natural
frequencies. This measurement requires the assumption that the peaks are solely
the result of responses in a single normal mode- as discussed on page 65 and
illustrated in Fig, 3.10, The shapes of the principal modes are calculated from
the ratios of the amplitudes at various points when the structure Is being excited
at a natural frequency. Accurate mode shapes are difficult to obtain and there
are several reasons for this. Tile primary reason is that the response amplitudes
at a natural frequency of a harmonically excited structure are composed of
components of several natural modes. Whereas thi damping factor is calculated
from one peak about which there is some uncertainty, the mode shape is calculated
from the ratios of a number of peaks about each of which there is uncertainty.
This means that if an error Is made in estimating the contribution to any peak
from the resonant mode, the error In the mode shape Is likely to be many times
greater than that in the damping factor, There is also a practical difficulty in
the determination of mode shapes due to problems of maintaining a constant
excitation force near a natural frequency of a structure,

The method oi Kennedy and f'ancu differs from the peak-amplitude method
in Its approach to the measurement of the damping factors and mode shapes.
Instead of measuring just the amplitude of the vibration, the amplitude and
phase are measured. The major cause of Inaccuracy in the estimation of the
damping factors and mode shapes in the peak-amiplitude method is the presence
near the resonant frequencies of unknown amounts of vibration in tha off;
resonant modes, Kennedy and Pancu make use of the phase relationship proper.
ties of normal modes to extract from the total vibration the vibration of a single
normal mode. I heir method involves considerably more data reduction and
evaluation and more care In the control of the excitation forces than the
peak-amplitude method, The accuracy of the results however, Is considerably

greater than those obtained in the peak-amnplitude mothod,
The third technique for obtainhig the dynamic prupertiew of a structure is

termed pure-mode excitation, The difficulty in Interpreting response amplitude
data when the vibration is composed of several modes can be eliminated If the
structure can be made to vibrate in a single normal mode at a time. To get the
system to vibrate in a single mode requires a forcing function which is decoupled
from all other modes except the one in question. This can be accomplished only
If the distribution of the force has the same shape as the niode being detertmined
(i.e., the forcing function must be orthogonal to all other modes), Since it Is
precisely this shape which Is being determined, the experimental difficjity is
apparent. Systematic iteration procedures involving multiple excitation arc re-
quired. Two such procedures, reviewed by Bishop and Gladwell, are (1) the
method of Lewis and Wrislay, and (2) the methods of Traill-Nash and Asher.
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Both ot, these methods require multiple excitation and considerable data process-
lng amit evaluiation. The r-eader is referred to the reference material for descrip-
tions5 ot thewi~ methods.

3.3 Randoin Test Methods

The advisability of' using random vibration to simulate field environments was
first suggested iti the 1950's 1441 .Since that time it use has become increasing-
iy popular, so that today most vibration laboratories have capabilities for
producing broadband random mnotion, The Increasing use of randomi vibration
was brought about by the fact that most of the vibration encountered by
military equipment Is randomn In time rather than periodic and hias a frequency
spectrum which Is continuous rather than discrete, and by the roaliv~utioil that, hli
general, It is not possible to simjulate one type of1 vibration by anoti'er, i~e., thle
simulation oft random with llxed or varying fieequency sinugoids.

In random testing the excitation waveforil has a normal or Gaussian instan-
taneous amplitude distribution. The test amplitude and frequency aro described
by the acceleration spectral density vs ti-equoncy, or simply thc spectral density
Curve, The standard randomn vibration test Is broadband, uuually 20 tu 2000 fiz,
with relatively conat ant spectral denisity. In cases where the envitorniunt Is inure
c0mPletely det'ined, the spectral density may vary significantly With tfrequenlcy.

Characteristics of Riaidorn Vibration

A random011 thulc function consists of a continuous distribution ol sine waveS at
aill frequencies. fthe, amplitudes and phase angles of' whichi vary hin an unpredict-
able (randomi) mlann rc as% a ftitnction of, time.

Such a func tion ma1y be v~sualiziedL us lbollows: consider anl oscillator whIch
generates a shiusoidl

S(t t) sin 1[W I + (t)I

The amplitude S( and t ha ph asc an1gl1 0(tt) boith vary wit tlitIme in a1 rand 01 U
fashion, it' thle outputs of. a no mba r ot' suchI osc illatIors witil dir ffe rnt Ireque oc ics
wo are added togethert, something close to at randomn function as de0111ned above is
obtainied. In the limit ats the number oft osciliators approaches infinity so that
therLe is essentially zero ftequency diffurence between adjohining oscillators, thun
a random Function withi a continuous spectrumi is formned.

Thue mean square v'alue of, the randoml funictionl is

Thue rmns value a is the square root of the nicun square (mus.) value.
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Two other statistical parameters used In describing random l'umctiuns are the
probability density function and probability distribution function.

The probability density function p(&/o), illustrated In Fig, 3-11, defined tie
probability (or fraction of time, on tile average) that the magnitude oft th1e
quantity t(t) will lie between two values. It Is customary to normalize the curve.
by platting the magnitude divided by the rrns value o as the abscissa. Then the
probability that the magnitude lies between &/c and (Q + de)/o is equal-to p(t/u)
d(•/cr), iLe., the shaded area shown in Fig. 3.11. Since it is certain, with
probability 1.0, that tile function t(t) lies between plus and minus infinity, the
area under the entire curve is unity.

The probability distribution function (or cumulative distribution function)
P(j/oa),* defines the probability that the magnitude ofl /o will exceed a certain
value

A comparison of the identifying characteristics of the probablitty densities
and distributions for the instantaneous values ol' a sinusuidal function and the

t. 0.4

U-i
(A)

3 

4
S\(A(A)

- o3 2 V7- 1V 3 4
INSTANTANEOUS VALUE

RATIO RMS VALUE

Fig. 3.11, Norniallzud probability density funtliuns--(A) Gaussian or normal
distribution and (B) Distribution of instantaneous values of a sine wave, Curve
(A) marked X 10- indicates hundredfold expansion of the ordintate scaleV, I"VonI
Shock and Vibration Handbook, vol. 2, Fig. 22.7, p'. 22-7; copyright 1901 by
McGraw-Hill Book Company, Inc. Used by permission,

*'l'h• probability that t/n is "greater than" is written PMt/ou ; conversoly, the iroibability

that 00n is "less thian" Is written P(i/a '), P(i/u Q ) ': t -- Ptt/o <).
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particular case of Gaussiain iandom noise is shown in Figs. 3-I1I. 3-112, and 3-13.
Gaussialn noise Is a random function whose Instantaneous value is dealned by the
Gau ssian or normal probability deansi ty lb net ion given by

1 Q/ e~ /.2 (3.16)

where a is the rms value, and is shown by curve (A) of Fig. 3-Il. The probability
density function of the instantaneous value of' a sInusoid is shown by curve (13)
of Fig. 3-11 and Is defined by

=) IWO__ (3-17)

The density functions of ii"qs. (3.1(1) and (.1-l7) are symmetrical about a inean
assumed to be zero-, then the probability that t exceeds a given absolute value
(or magnitude) It IIs twice the probability thut It exceeds the same absolute

1 0

- 0.8

.4 1,

(A),x In) (L)

m11 0 P C

0 0 5 10 1b 2.0 2 b 3,0 35 4,0 4.5

P rino INSATAFU VAUE(ORAK VLUr.C

1-1g. 3- 12. Probability distribution functions - multiply ordinate scale by factors
mnarked adjacent to curves for large abscissa values -(A) Instantaneous values of
broadband and narrowband random variation - Gaussian distribution, (11) Peaks
of broadband random vibration, (C) Peaks of narruwband random vibration -*
Rayleigh distribution, (D) Instantaneous values of it sine wave, and (10 Peak
values of a sine wave. From Shock and Vibration Handbook, vol. 2, Fig. 22.9.
p). 22-9; copyright 1961 by McGraw-1llll Bouok Company, Inc. Used by pfrmkiion,
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Fig 36 13. Normatlized tprob~itsbly density fl.Aill~is cot-ve (A) mariiked
x 10 2 nluilde Ci ainlredfd taite punsion of a nt inat IL'calu (A) Rayle tlg
distqribut ion I or paak.N ot iturrawba d 511 sslaim vibratio tandii (Bi) 11st ni-
bUtldii for peaks oftMle wilve detit functlion t tpu-. \ft Froni Nioek
and Vilipation Hlanidbook, s, Ye.2. Vig. 22.,8 li 22-8; capyriglit 1961 by
McGra%%-Ifl BoI hut (aiipuny, Ine. Used by pernli nstio

VUtIII Ill eitherl Oil) positiVe, Uot ne1ga~tIVe HUens Thetelbre, it is Conilv~lietit to plot
the p robability di st ributiuCin I'htii l i In te rm it' theCC atisolUte vullic of' t, Le.,

Pt u>) s Shown Ini Fig. 3-12.
Th e priobab ility diIstCributIIaio n la ctlb as for the G aussianti nd 81lum solIdiul fo tic-

tIO1i8 UIC obtained by IlltegCutitg 11cs. (3- 16) atid (3.17).

102 f. ___ 02, dQ7

si~lillsoldal: (C I/o 3 - cus -(3-19)

Thu reclutiouts of' these equations ate plotted its curves (A) and (11) In Fig. 3-12.
Whon thle peak valuecs or nuxima uf it function are oonsidercd, tile Cwo

Statistical cuiictloti dinCw or rinm those toitld ftar tile iiliitattitll ls~iit villues. For a
stine Wave , all nut 1l0 na are of equtal Ima gill)u de anld lbe p roib ilIt y density ftoii c-
tion P(Qfo) becomes a lDlrac delta tuiietlooitas 4hown by cuirve (13) of' Fig. 3- 3.
V ol b runbotiLbtI LI (iii C sa ii ii ol, 14., IlC withw tli a oi ero alA IptuLde ovel a ie
quell cy bandL whilchI Is not Small coi)) 111' toi 1 the aye age or. Cente~r 11 eq ite itcy of)
tile banod, thle distributonl~ of' poiak values IS tCIS( 1101t1111d, ats shownl by' curve (13) ot'
Fig. 3-I12. IHIowever, Cor arLiw bait ld Gauossian nlo Is. I.e. no ise whI iii egIIigiba
am 1111111 de except ill a ft e quen y hr aLwid th whid IS cl Small comnpaitred Icto tho
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c~iii~ Iieqielic\ 1-1w Iiti111011~ioll ( eak values W iekIC d MIIN 1 ard the RItyleigh
disitibtmit'll. I li piti~ihililt, kIleIsIly md11 djisir"IhIntinl funIICition t1 tilie Ralyleigh

I'tuhmthillil' lDestriblll. 1)( , I/0) .. I I/ (3.201)

TIhe reClat iutu givenl by i hieste equal laion are NIiuwt graphiceally by curve (A) of Fig.
3-13 and cuivetC) otl Flig. 3.12, reslpeeively, These figures show thut thle probabil-
ity deii:~ty anid probability diswtiutlott cuies tom sinusoidal and random fLIne-
t~i.11it dlt~el LoUnidera~bly, this ptovldling !Identllyhiig chat eteriStlcS I'M eCUQh typeC
of luimet ott. When thle l ime ItIIstot~y k(f Coettlstss ii sinusoid-al and 11n1doni tuflw-

110115. (lit, "liape ilt tile pnhbLibility dci sit y and dl~tributiont cut yes depends oin
the teiittivC magnitude ot each type ofl functIon.

o\woi specital delNsity, I, dMilled :as thle lilittltifn Ya1lIC Of thU IIIan S(qLuar
tesli~tiseW W1 2 of an Ideal hlatdpitss h'lltel-it to tW, divided by the bandwidth Bi
Of thle lht, a,, thle bandwidthi of thle filter appioaclie, /.eiL.

All altot nat ye deflilitiiou ii, as tiiliow". 11 Owi fun1CtiIInl ýiI) k p~ssed thloiigl
;.ii ideal lLowlmisý lile 5 t I itiikillotii hquiictIC the, liiiiL'ittt Sul~e I CspllsQ IiSC

tile liltei will inlvtase ili deocrase as/t. is inetealsed tii decreased, i.e.. mlore
oi lOSS O ot ihe Ilfittiittl Will 1wt passed il th1e1 fillet (awisujoingj , is Varied ill a
fietitency i ange whore tie pow'er spcial doitsitv l, tis tio/ero . IThe pn\\er spec

tial tlellmzt hit'l') is tei ie Lato ci tiig CI IIIA t I it' tp" -1M l espeet III /,., iCe..

di( H 1-22)

t-o pC, II sl I ki . I u Iiit\ I, ' LiildiL ,i I'S k, Ii A 22 1.1 IN. gVit0lil tILLIIow L olmi do "iLI Ii ' ,i tC

11Il N11 .11 ititliitit) IM0i CLL I~ M LI U\.LiIlI1t!. U t tilei IVU i I JI LL PM 1I LIL iLL'L(L iiu ilt
%IICI Ulc 01110 lilitIlly Il :IL tt;1iliit1 itIll LIC t Ii.ILAItIi01

:\it iilii blindp- i1to~ liLL .L tuiiLLLt-iLLI 11111 ,tLwLiL. WhICI~~i 1 .t~LLLg~LL1t Ill %11.11w Lit

11l1jt ;111 Iil LLILULLIIL ý L0 uiLILILIll I % S %itlit itile liltil bi d~iditiui -tii c il v w \,,iu t d i mii hut gai widi

/emL pi.*,w dmitiji un. Miltle lii iquCil1 0LL1i)ItU 1iI LI C 1110~ ti 1 .11NLtt 11tili11 UIl 011ilettt ilyti

Lei uted -LlI It iILLL the 1,i~iLl II L iLU l oa ofLILL lsiutl) till 111 X j2 iuiiid th 11 .h

wet.l 11 t~ic Iit 1, "Wilit' It th Id t tli te l l1'q i lgLe lipliiI ilu x i1iL12 iii /

11lu.0 t, 1101IN11k KIIJm, llIV avnga--------I --itoly 11 /ý--- - - -
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square value 01 variince of tile frequency content of t(1Il) etWceii tile heq0cuenl-
cicsi/11 andfb, is equal to Ilie shaded area of' Fig. 3- 14: i-c..

When1 a sample31 of' tineI history Of' finite duration Is employed to compote thuv
power spectral density of' a randomn function, It Is aissunwld that (1) tilie ('unvtion
is e rg die, I.e., that ave ragit i g one timec history w ith respe Ct to Iltie yields tile
samei results Lis averaging over all ensemble of timec histories ia a given Instant of'
thime, and (2) that tile function Is suflaonary, l,e ., that the power spectrul density
IS lnldepCldUltu Of thle sample o' tile thime history chosen. Further, thu averaging
time0 or Sam p1 eO do rat ion mti Li. be long8 ctiougli to yield a Stati1st icailly signlificant
value. Thus. the mucat square value obtained should not vary appreciably with a
change in averaging time. Thec time over which a vibration record may be Coll-
sidered a stationary procss and the need fo~r a sufficiently long averaging tfine
often are contlicting requirements.

Response of Mechanical Systems to Random Vibration

The f~ollowig material is conilimed to steady siate responses cil Idealiz.ed linear
inedIUMICal system1s. F11-urtlier.oly randomc I'loudtions whiCh llaVV al Gausla"mi or
nornail disti but ion will be discoý,ssd . Al most all analyses to dalie Im av bceen
Made oit this assumption, since (I ) tie analysis then beccities ti actable, and (2)
mos01t phy1Sical proceOsses in Ci tding abc rat cry tests Folilow thle Gaumssin di siriblbii
I fuill

tComut wat ion of tile ~'spoi ise nI t his Iidelcaiz ed sys temu canl he brieflIy descriibedi
as follows. The excitaition cml ces (or niot ions) acting onl tile syste in are issuimned

a:7
31;

FREQUENCY
Fig. 3-14. Typical power spectral dvmisity plot of broiidbund rioidoi n funiction.
Metain %tiure VUIiLIg of rreq aency coiiit-n t or runction he tweemi f a and f 1,mI eqmial
to shuded area. Prom S/hock and Vibration Handbook, vol. 2, PiAg. 22.16,
1) 22-16: Coplyright 1961 by McGraw-lull1 book Company, Inc. Uised by
permission.
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to be known hi terms of a power spectral density f(to). If the response of the
system to harmonic excitation as a function of excitation frequency is corn-
-puted, i.e., frequerncy response function 11(w), the response to the random runc.
Lion is obtained as follows [451:

g (to) =/(wo) I H (w ) l1 (3-24), .

where g(w) is the response spectral density.
The mean square response J in any desired fiequency band is equal to the

integral of the response spectral density between the frequency limits of the
band, i.e., the area under the response spectral density curve,

f g(W)diW f(w) I H (w) 11 d w. (3.25)
fo 0f

It is worthwhile to spend some time exarnining the characteristics of the
response, This is easily carried out using the SDF system shown in Fig. 3.1.

The base acceleration of this system S(t) is defined by a uniform acceleration
spectral density W in units of g2 III:. The absolute value of frequency response
function IIl(w)l, which relates the relative acceleration response Y(t) to the
Input acceleration I(r), is equal to the amplification factor If described in Eq.
3-2. Substitution of these values into Eq. (3.24) results in

60t, = WH' W
[ I - (w/t,)2] 2 + (2" wlwn)2

where g(w) is the response acceleration spectral density for a white nolse base
excitation of level W. This function Is illustrated in Fig. 3.15. Note that the
response is concentrated in a narrow frequency band centered about the natural
frequency wI1. The moan square response of f(t) can be detcrmined from Eq.
(3-25) as follows:

tV dw
?2 g(w)cdw = . (3.26)

0 - (WIWI) + (2 W IW)

By assuming '<< 1, integration can be performed resulting in

I= iQf, w (3-27)
2
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.- !

ow
w

, LUUENC, w

Fig. 3-15. Response spectrul density of ant
SDI system excited by white nuise

where Y 2 is the mean square relative acceleration in units of S2 for input
spectral density hi units ofgI2/Hz.

Ternm for the mean square relative velocity and displacement can ulsobe
determined from Eq. (3.25) by substitution ot the frequency response function
relating the relative velocity and displacement to the base accelraution. Tllese
functions are

a. Relative velocity

1(LO) =- w ,
w c.2 2 i~

f Will(w)I lw H ()1d_(38I 2 (329)

where Y2 is the mean square relative velocity in 1t)1./soc 2 for a spectral dansity

input in Sr/llz,

b. Relative displacement

2 1
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WQ73X6)2  (3.29)4 (2 i7rfF-

where y1*is the mean square relative displacement in square inches for a spectral
density input in g2 /1Hz,

Since the response spectral density is concentrated in the region of the
natural frequency, the time history of the response is narrowband random vibra.
tion and is similar to u sine wave kit that Cr'equenicy whose amplitude fluctuateUs
randomly at a rate roughly equal to the frequency band of the resonance. The
fluctuation Is ussoclated with tile phenomenon of bouts, where tile addition of
two harmonic waves of approximately eqi~ul frequency results in a wave with a
frequency equal to the ncan of tile two frequencies and all amplitude envelope
that fluctuates at a frequency equal to tile difference of the two frequencies.
The narrowbund random time history is composed of a large number of waves of
nearly equal frequencies with randomly distributed phases and amplitudes and
thus oscillates at a frequency f;, with a random amplitude cnvelupe that fluctu-
ates at a frequency approximately equal to the hall'power bandwldthft',/Q. This
type of waveform is illustrated In Fig. 3.16.

For linear systems the instantaneous amplitudes ot the narrowba•nd response
have a Gaussian distribution while the distribution of peak amplitudes follows
the Rayleigh distribution (see Figs. 3-1 I and 3-13).

3.4 Equivalence in Vibration Testing

Instead of simulating a service environment with a test method that resembles
the basic characteristics of that environment, It is sometimes necessary to sub-
stitute a method which Is different in character but equivalent in Its effect on
the test specimen. The substitution may be required because of equipment, cost,
schedule, or technical limitations. For example, the lack of equalization equip-
ment may require the use of a sinusoldal test instead of a random test; time
limitations may require that a test duration be decreased with u corresponding
increase in excitation level; the inability to detect or decide upon significant
resonances may dictate the use of a sinusoldal sweep rather than a sinusoidal
dwell,

When a test is equivalent to anuther the two tests should produce equal
offects on the test specimen. That Is, the danmage caused by each of the two
methods should be equal, This is usually not possible to accoomrplish If more than
one effect is to be simultaneously simulated, For example, it may be possible to
simulate the fatigue damage caused by a random environment with a sinusoidal
sweep, but it Is unlikely that the same sinusoidal test can simulate both the
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Pig, 3.16. Nurrowband random time history.

fatigue and tie C 'f'ects the ratndom environiment has'on fui otutnal performance
of' the test item, Theref'ore, equilvalence between two test methods Implies the
CqUivalernce of tile single m it;t da naiging U ffe1t of' the environment.

1The t'oblowlng sections contauin discussiotris of the equivalence between the
three standard test methods fur fatigue, resonant response, eoergy dissipation,
uid fIunctfonal pertoormunce. In additiun, a discussion Is Included of tha relation-
ship betwe, test thIe antd test level which provides an equivalence between two
tQ%(s of' t1it Samelll type but Llt dilTerenlt levels land diUrnIltitns,

Structural Fatigue

A large nt uinbei ol' vibiiat ion t'lliores arl considered it) be the resulf at'struc-
tural I'atigue duirige. It Is appropriLatc, theiel'ore. that equivalences be derived
between the thire standard test methods sinusoidal dwell and sweep, and
broadband randont thtat re based •n piodcing equal l'atigue drnmage [46].

Thcre has been niucfh willen on fatigue elfufvIncO, with widely varying
results. Considering that tihe prediction ofl' atigue liffe is, evenl for well-defined
structural rnuteiluls. a probabalistic procedure, tie different results are not sur-
prlshng and vro In fact expected. The exact riat re of' tftlgci! fallures is not hully
understood, and to a lalge extent I'atigue 'efatilonshlps ar. based onl the study of'
experliental results whlere there Is a sigtnllicant uniiounl, of scatter.

Dhe fatigue pioperties of' ia material are deternined by subfectltng specimens
o01 that material to ultertatitig streess until f'al 1.e, 1TstSIie tepeated until enough
dala are provided to define a curve of Stress VS cycles to fltlule. typIcally called
tihe elidurance or .-N curve. It shall be issutned that this curiv can be described
by the I'ollowilg eqatL i0on:

Not =V (3-30)
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where u is thle stress umplitude, N is the number of* cycles to failure, and b and e
are positive material constants. 'rho wide scatter in fatigue data would suggest
that b and e tire random variables. However, in tile following sections they are
assumed constanit.

For constant cyclic loading, such as sinusoidal dwell, Eq. (3.30) canl be Used
-directly to predict fatigue life. However, for random and sinusoidal sw o p, whoie
the loading is variable, a ounriulative damage theory is required to predict fatigue
life, The most widely usbd theory of cumulative dallage is referred to us Miner's
Rule .[47~41 'and Nt extpressed as

where nj is the number of cyclus at stress ol and N1 is the number of cycles to
fa- ilure at stress al (from Eqý 3-30). D is thle measure of accumulated damlage anld
according to Miner, failure is predicted for D >' 1, Experiments have shown that
the value D has a rather wide scatter depending onl thle sequential loading his-
tory, Generally, investigators found that If thu stress level was changed from a
high ito a lower Value thle summination of' cycle ratios was less than unity. Coll-
versely, a Su,11 greater than one was frequenltly observed when the stress level was
increased during a test,

Very probably sonto of the apparent Inconsistency Iin the value of D achieved
Iin a given set of tests is due to inaccuracies in thle a-N curves used to performl
thle calculationm, Recent revie' ws by Hardrath [501 ,Richards and Mead JS II
and Grover [52] , reveal that nou trend is evident that any estimalltion procedure Is
superior to the linear method,

In the following sections where thle equations for ifmtILgue daiage due to
sinusoidal sweep and randomi vibration are developed, It Is assumed that thle
majority of damiage is thle result of' resonant response. As in earlier sections tile
equations of' motion of an ODF system with viscous damping are used In thc
development of the results.

Fatiguae Damage from Resonance Dwell. The resonance dwell test Is doflned
as constant sinusoidal excitation at a specimien resonant f'requency. Tihe stress oi
produced ait resonance is proportional it) the excitation level S-0 mind the anipli-
ficationl factor Q;

a=KS Q50,

with K.~ the proportionality constant, ]'he number ol' cycles to failure ait this
stress level canl he determined fromi Eq. (3-30) by substittutloimý

N' c CO'b c ((KQ abU
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nhu,, thle timec to failure T, at thll. ic sonant frequencyf', is

T,. (~Q~ (3.32)

Fatigue Damage due to Sinusoidul Sweep. In a sinusoidal Sweep significantly
high stress cycles occur in frequecny bands centered about the resonant Ire-

quenleis of the test specimen. As the varying excitation frequency passes
thruugh a fesunance the stress levels Increase and then decrease with the maxi-
hmum level occurring at the natural frequency, Each cycle of varying stress ntiUst
be acecounted for to evaluate the total fatigue damage resulting fromi sweep
excitation of the resonance, The stress at any f'requency can be found froin

o=KS I II(W) 19"'

where 111(w) I Is a transfer function betwceen response nlotion and 11Input 11tion,
SubstitUting in E~q. (3.30) results in

N (K c~~I IwnAo)

This relationship Is then used In Minler's Rule (Lq. 3-31) which Is expressed in
Integral form

f f(Ks I/IIw)ASO) b

where i)S Is the damnage coefficient for sinusoidal sweop.
With a sweep rate slow enough to produce 99 percent steady state response.

the amplification tem in Vf(wo)I is approximated iii the bandwidth of the re-
sonance by the steady state amplification factor If for a base-excited ODF
system (Eq. 3-2),

r 2)2 + (2 tr)2

where r Is the ratio of excitation frcqu-incy to. natural frequency Iffri. This

excltation frequency is related to the sweep rate IllI and thou of sw.c-p by
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Since the majority of damage occurs from stress cycles within a narrow bandwidth
centered about the resonant frequency,* the sweep rate can be considered con-
stant and the above relationship is expressed as

d' hdt,

where h is the linear sweep rate in Hz/see,
The jnumber of cycles in an inflnitesinal amount of sweep time is

dn =fdt,

Thus,

df,' rdr
dn

Substitution of these relationships into the equation for D results in

(K f 111 (Lw) I J)" dn- f~X I ( cAS II/ 0)1 f-2 dr

(3.33)

(f; K, r dr
'~ ~ C f/ r21 )" + (2 r) /

P I

The limits of integration r, and r2 bracket the half-power bandwidth of the
resonance,

The values of the integral in Eq, (3-33) determined by numerical solution are
shown in Fig, 3.17. A simple function can be Iitted to these curves to provide an '
approximate description of the integral

rdr =-_r Q(h.-) b-IV'W
r2[().'2j2 

4.(2ýr)2]b/2 2

which, by substti•ting in Eq. (3-33), results in

*l)atmige uctually reslts flilnl all strIsh cyckis, but the eurror H, aisuntnjrg that tll of the

dLaruage occurs witilin the haif-power balidwwd thfi/Q is less than 3 percent.
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,(A, - SO Q)1 b-
• . " 2ch Q•

which is valid for b < 30 and t<O. I.

Since the time to sweep the hail'.power bandldth is f,/Qh, the above equa-
tion can be expressed in terms of time to fallure by

" ~_2cb',
1 !"FDr

nj7 (K 0 Q ) (3.34)

-ij - - -- - -

1030

10• 26•• 
.

I00 12 15 16 18 20

MILASUHE OF SLOPE OF o-. N CURVE (b'

Fig. 3-17. Values ol thti tqelgial in I ( 3-301.) vs b fur vuriotius vii mus f
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Equations (3-34) and (3.32) are combinied t) show the Sweep duration necessary
for equivalent fatigue between a sinuaoidal sweell aitnd al I Ut•st)al•ce dwell.

2 D b I/
Tv (3-35)

Tihe equilunce will vary according to' the constant Dg the dtmalugi ceft'll.
mcleolf for variable loading, and b, thireeasLre Of thu slop!e of the o-N curve.

Endurance tosts with numerous different types of stress distribution, both
ordered and uandom, show that the value D. runges between 1I/5 and 213, with it
majority of' the data near Dt = 1/2 [53, 54].

A review of the literature of fatlguo and endurance data reveals that b Is
between 3 and 25. Lunney and Credo 1551 and Gertel [501 indlcite that a vahle
of 9 Is representative of the majority of the materials,

Substitution of these limiting und, average values tut tile constants results in

0.24 < T'./i 2.85

and, on the average, ';./T, -- 1.1 .
Fatigue Damage due to Random Loading, Th1U fatigne daniuge of u specimen I

subjected to ratndom loading has been' exttinoned by Miles 1571 . His amnlysis.
which utilizes Miner's cumulative danultile h ypotlresls, results In til equivalent
stre•s wiIchI logethbe r withIt tile nvllentiotlil 0 ci ndulttce -t11W y iell tn its d tt)
predict tLe fatigue life of a specimlen.

As fi tle ,.ase of' sinusoidul sweep eXcUttatoin, it Is tiecusutly to assutlle that
thie fatgue damage is thie esult ot" resonlalnt lespotlise. ihe stress W.veformll'
therefore, will have the characteristics of' mlrowhand random response [is
described in Section 3.3 (p. 79) and illustrated in Fig. 3-In. The probability
density of the poluks of the stress confornms to a IRLayleigh distibution and front
Eq, (3-20) aim he described hy

where
UP-- vales off the piak stress,

t - ill cuit sqiti St ress.

[rom Miner's RulIe Eq. 3-,1 ) th1e damltage litl tie acct01umlkulatlOll ol sties:,
Cycles at randum amplitu des up is
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b
D =E fl •iI

I,

"Where constants b and v arc those of Eq. (3-30).
It is Convenient to introduce an equivalent stress S, and define it as a con-

stant amplitude stress which will produce equal damage as the variable stress 0"
after the same number of total cycles, Thus,

b
Se= ni

The variability of the damage coefficients D. for constant loading and Dr ror
random loading, for which failure is predicted, are discussed on page 85, Noting
that for constant cyclic loading the coefficient is unity, we combine the above
relationships to give

C Dr

or

I/h

With the Ussumnptioll tiut thile stress wave is oscillating with completely r,,versed
loading at the natural frequency f,, the probable number of cycles of loading
having ani amplitude in the rouge (o, u + do) is obtained by multiplying the
total number of .ycles by tile Ruyleigh distribution density (Eq. 3.36), The
above equation therefore reduces to

vauto f his i r ws pror/ed ( les w/] hfo

Tile evaluationl Of this Integral was performed by Miles with the following result.
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= (i Ir b11
se \ I b (,rb)1/2bý ,,/', (3.37)

where / is the rout mean square stress of the narrowband response.

For a baso-excittd system subjected to broadband random accdeerutinl, tile

rms stress is, from Eq. (3-27),

=KS fQW,

and substituting Into Eq, (3.37) results in

se I( ( 1)/b\;) 1/2 2 K

This relationship can then be used in Eq. (3.30) and rearrmnged to provide all
expiession for the time to failure utnder random loadhng;

Tr c), b12 (3.38)"K b •(,nb)112 (rr!fbt2

Random/SinusoidaI Dwell fatguE' Equihalekne. Equation (3.38) equated to
the time to tdltui c foi a sitnusoldal dwell (Lq. 3.-32) results in an equivalence in
spectral density level W and sinusoidal excitatOn level S,, based on equil fatigue
damage;

, (.1.3,))
41)) I lb

T'he constants D. and b have tile values

I !5 < Vr< 2/3, and, oil the tvetage. Dr 1/2

3 < b < 25, and, on the average, b

Substiilt loIlfl of, these ]iiling and lM aUge volULS flot the COnstants Irsults ill
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S, K

2.23 < K <4.16,

and, oil Iic average, KA' .o
Rai Idom/SbIn usihkl Stwep IRatigue Eqdt'akenv. Equ ations (3 -38) and (3.34)

are equated to detennitic an equivalence in spuctral density and sinusoidal Sweep
acecleration SU, With 1110 conlditionl that the time to sweep the hialt'-poWet baild-
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where K is a constant fur a given material, specimen geometry, and stress distri-
bution. The constant P relates the specific damping energy D of a material to the.
stress level In the material (see Section 3.2, Effect of Sweep Methods). The value
of n is dependent on the stress level in the part. For stress levels below 80
percent of the endurance limit of the material, n is 2.4; for stress levels greater
thao 80 percent of the endurance limit. n is 8. For viscoelastic damping n is 2
and Q is independent of excitation level.

It should be noted that the following equations are developed on the basis
that the slope of the a-N curve is constant from zero cycles to an infinite
number of cycles. However, because of yielding and because of the existence of
an endurance strength, the a-N curve for most materials Is horizontal In the low
cycle region (N < 104) and in the high cycle region (N > 5 X 106). The
simplitficaton of a constant slope permits a description of the exaggeration
factor by a single equation but makes small inputs appear more damaging than
they are. The use of exaggeration factors for items exposed to environments
which create stresses below the endurance limit will therefore result in conserva-
tive tests. In addition, the reader should also bo cautioned that there Is a prac-
tical limitation to the amount of exaggeration, i.e., the Increase In test level,
which can be used. For example, It makes little sense to attempt to compress a
test In time such that the increase In level will exceed the yield or ultimate
strength of the material. A safe approach would be to limit the exaggeration of
test level to not exceed the ratio of' ultimate strength to endurance strength of
the material in question ( a value of 2 for many structural materials).

Exaggeration Factor for Sinusoidal Tests. In sinusoidal tests the stress level at
a resonant frequency of a specimen can be defined by

u =KSQS,

where K• is a proportionality constant and S is the excitation level. Combining
witih Eq. (3-30) results in

N(Ks QS)b =

and from Eq. (3-7),

Q = -(Qs)'".

Thus,

NSbI(n-l) = constant

which is the equation for the curve of excitation level vs cycles to failure.
Substitution of T, time to failure, which is proportional to the number of cycles

- - ~ *, - . . . .
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divided by the natural frequency, results in the following relationship between
excitation level and time to failure for two equivalent sinusoidal tests;

(S)hb(n I) T2 (3-41)

wvecre the subscripts 1 and 2 denote test condition number. The value b ranges
between 3 and 25 with a representative value of 9 for many structural materials.
The value of n, as Just discussed, ranges from 2 to 8 depending on material and
stress level. The exaggeration factor can, therefore, have a widely different value
depending on material and stress region.

A popular exaggeration factor [561 for ume in testing complex electronic
equipment Is based on a stress-damping exponent of n = 2.4 and an endurance
curve constant of b = 9, which results in

S i T2

This function, which is shown in Fig. 3-18, appears to result in either conserva-
tive or nonconservative test conditions depending on the stress ranges for the
equipment in its service environments. The use of the value t = 2.4 is for
stresses below the endurance limit and the use of the value b - 9 is for stresses

between the endurance limit and the yield strength. They are thus contradicting

10
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io"4 10"3 .0-2 1061 1 10

TEST DURATION FACTOR, T2/T1

Fig. 3-18. Test exaggeration curve based on Eq. (3-41) for sinusoidal
vibration with n = 2.4 and b = 9 (from Ref. 56). From Shock and Vibra.
dfon Handbook, vol. 2, Fig. 24.26, p. 24.24; copyright 1961 by McGraw-

Hill Book Company, Inc. Used by permission.
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and the use of this factor will be conservative for St below the endurunce limit
and nonconservative for S, between the endurance and yield strengths.

Exaggeration Factor Jbr Random Test. Tile stress level at a resonant fre-
quency of a specimen is defined as

2 /2o=K5 (jýQW)

where W Is the excitation spectral density. Combining with Eqs. (3-7) and (3-30)
results in

Q = K(fn L W)(2-0/2

and

NWbj,, I constant,

which is the equation for the curve of excitation level vs cycles to failure.
Therefore, the exaggeration factor for random testing Is

! W. = T2  (3-42)

Note that the exponent here is different than for sinusoidal testing and there-
fore, for the same specimen, different exaggeration factors are required for
random and sinusoldal testing except when n = 2, I.e., for viscoelastic damping.

Resonant Response

The simplest equivalences between sinusoidal and random vibration are based
on equating the resonant response amplitude of an SDF system. For sinusoidal
excitation the relative acceleration response at the natural frequency of the SDF
system shown in Fig. 3.1 Is

P = Qk.

where P and go are the peak response and excitation levels, respectively, and Q is
the peak amplification factor. From Eq. (3-27) the mean square acceleration
response for broadband random vibration is

S=7rQ fn w

2
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where W is the broadband acceleration spectral density. The waveform of the
response is narrowband random with a Gaussian distribution of instantaneous
amplitudes and a Rayleigh distribution of peak amplitudes.

Noting that the mean square value of a sinusoid is one-half of' the squared
peak value, the above relationships are combined to form an equivalence be.
tween a broadband random level and a peak sinusoldal level that will produce
equal mean square responses:

w go (3.43)i 41

Another common equivalence is formed by equating peak response ampli.
tudes. Theoretically, from the equation for the Rayleigh distribution, the peaks
of the random response can have Infinite values. It is common practice in
laboratory tests, however, to lihlt the peaks of the Gaussian distributed excita-
tion signal to three times the root mean square value (this includes 98.9 percent
of all the peaks in a Rayleigh distribution). By using this limiting value the peak
responses from sinusoidal and broadband random can be equated to provide the
equivalence relationship

2Q •

9 "-A-,- (3-44)

Energy Dissipation

Equivalence relationships, similar to the fatigue relationships developed In a
previous section, can be delermined by equating the work done or energy dis-
sipated by an object undergoing vibration.

In the following discussion the equation of motion of the system shown in
Fig. 3-1 is used in the development of the equations for the energy dissipation of
an SDF system with viscous damping const.ant c. Since energy dissipated is equal
to the product of force 4Y times distance Ydt, the energy dissipated in one cycle
is

fc 2 
C/W

cycle J

For steady state harmonic motion,

Y = K sin (wt - a), for K - constant,

. and therefore,
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E o2 ir/w K
E = 7/ c K 'sin 2 ( W t - a) dt,

(3-45)

E cK2 f

cycle '

Energy Dissipated During a Sinusoidal Dwell, For a single frequency dwell at
the resonant frequency of the SDF system, the constant K in Eq. (345) Is

K = QSO --....

Substituting for K In Eq. (3-45) yields the energy per cycle us

E CQ 7r
cycle 3

The energy dissipated E, in a test time T. is

E 2 • (3-46)W2 n

Energy Dissipated During a Sinusoldal Sweep. During a sinusoidal sweep the
work per cycle will vary as the response amplitude changes with excitation
tfrequency. If the sweep is slow enough the velocity response vs frequency can be
approximated by the steady state response function, i.e.,

where (from Eq. (3-28)),

t(ow)~ =w 2 _ wn2 _- i~o

The energy dissipated in the sweep can be determined by summing the incre-
ments of energy in infinitesimal frequent.y bands

E J-fcK2f dn fcS2ir I/(w)12 dn

W,
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and

dn =
4n 2 I1T

where I/ Iis the Instantaneous sweep rate. Thus,

E5  A H(W)2dw~

In the region of the resonance if I can be considered constant and integration is
performed as in Eq. (3.28);

or

h's 4 Qn (3-47)
4 'j

where T, is the time to sweep the half-powr bandwidth,
Equating Eqs. (3-46) and (3-47) results in an equivalence between the time

for sinusoidal dwell and the time to sweep the half-power bandwldths-

TS = . . . (3-48)

Energy Dissipation During Random Vibration. The power of the damping is
equal to the time rate of the enerj' dissipation. Thus,

P-= , c 2 dti e ,

where 3" Is the mean square value of the relative velocity. The energy dissipated

by the SDF system is

Er c TC
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where 7T is the test time. Combining with Eq. (3.28) results in

El l= Q T , (3.49)

Equating Eqs. (3-46) and (3-49) results in

o, (3-50)
Q

an equivalence relationship between sinusoidal dwell test level and acceleration

spectral density test level.

Functional Performance

The definition of functional failure is that the performance of the equipment,
whether it be electrical or mechanical, is degraded under the Influence of vibra-
tion. The definition of failure is usually based on the degree of degradation,
Included in the definition Is the stipulation that there Is no damage; that Is, after
the vibration ceases, the equipment performance returns to normal and there are
no structural failures or permanent deflections. Simulation theory pertaining to
malfunction is complicated by the numerous types of failures and phenomena
which cause them.

Among the inure comunon types of functional failures in electronic equip-
ment are relay chatter, gyroscopic drift, microphonics In tubes and crytals,
short circuiting, blurring of optics, etc. The phenomena associated with thuc
various failures are as numerous as the failures themselves and include absolute
ecceleration, relative motion effects, absolute deflection, etc, An Investigation
1531 of the comparison of functional failures of typical aircraft electronic equip-
ment subjected to random and sinusoidal vibration attempted to determine a
correlation on the basis of experimental evidence. The conclusions of that study
were that (1) for some equipment, no correlation will exist, (2) where complex
systems are involved, the correlation, if it exists, will be so complicated that it
will have to be determined by testing under both types of excitation, at which
point tl~e correlation is no longer needed, and (3) for systems where the func-
tional failure is relatively simple in nature, e.g., relay chatter, a correlation may
be determined by analytical means.

Summary of Vibration Equivalences

The equivalence relationships developed in the preceding sections are sum-
marized in Tables 3-1 and 3-2. Table 3.1 lists the required test conditions (i.e.,
level and duration) for equivalence between the three standard test methods:
sijiusoidal sweep, sinusoidal dwell, and broadband random. These equivalences



96 SELECTION AND PERFORMANCE OF VIBRATION TESTS

EE Cý

A

- II II III I

A) (z)

S• ~vr

!4 ý

S '-I

41

43

4cc

I



SIMULATION CIIARACTERISTICS OF TEST METIIODS 97

are based on equating fatigue damage, resonant response, and energy dissipation
in linear mechanical systems. Exaggeration factors, based on fatigue damage, are
listed in Table 3-2. Exaggeration factors provide a relationship between one set
of test conditions, level and duration, and another set of test conditions for the
same test method. That is, the flittors relate a test of low level and long time to a
test of high level and short time, Tlhe terms used in these tables are defined
below.

So peak sinusoidal excitation level

W acceleration spectral density

T,. duration of sinusoidal dwell test

Ts =time to sweep half-power bandwidth of a resonance

TI, =duration of random test

K constant
Q peak amplification factor

An resonant frequency

b measure of slope of a.N curve (see Eq. (3-30))
) = damping-stress exponent (see Eq. (3-7))

T1 S, = duration and level of sinusoidal test I
T2 ,S2 = duration and level of sinusoidal test 2

Tt, W, =duration and level of random test 1

T2 , W2 = duration and level of random test 2.

Table 3.2, Exaggeration Factors for Sinusoidal and Random Tests

Test Method Test I Test 2

Sinusoidal Dwell or Swoop Ti, S, S2 = S\

Random T,, W, IV = W 1'(471)

Note 1. For viscoclastic damping n = 2. For low to Intermediate stresses In elastic-
plastic materials n = 24, and for high stresses n = 8.

Note 2. The value of b is in the range 3 to 25. IHowever, a value of 9 is reprsunntative of
many structural materials.

"The relationships shown in Tables 3-1 and 3-2 should indicate that any uni-
versal equivalence between sinusoidal dwell and sinusoidal sweep and between
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sinusoidal and random is nonexistent. The relationships are significantly dif.
ferent for different types of failure mechanisms. In addition, equivalences based
on producing identical failures, such as fatigue, have widely differing values
according to such factors as damping, stiess level, and material properties.

3.5 Nonstandard Test Methods

The emphasis In the previous sections of this chapter have been on the char.
acteristics of the three standard test methods and the relationships between
them. The methods have been defined according to waveform and therefore the
discussions have concentrated on the effects of the waveform on equipment.
This section discusses two additional test methods which have waveforms dif.
ferent from the standard tests.

Combined Broadband and Narrowband Tests

As discussed in Section 3.3 the vibrations common in nature have a random
amplitude with time. The standard test method for simulating these random
vibrations is the broadband test where the excitation curve is defined by smooth.
ly enveloping the peak values of the predicted or measured acceleration spectral
density. A typical example of a test spectrum derived In this manner Is illus-
trated in Fig. 3-19. In actual service the excitation spectrum will be broadband
with several narrowband spikes superimposed. It is generally assumed that the
center frequencies of the spikes can be such that a spike will occur at any
frequency. This is the justification for enveloping the complex spectra with a
smooth curve. The disadvantages to the wideband te3t are (1) the test specimen
is subjected to a spectrum much more severe than any actual environment, and
(2) the test requires much larger vibration shakers and power amplifiers than
might otherwise be necessary. Two methods which offer improvements over the
wideband test are the sine plus random and the sweep narrowband random.

w-Jw
C-)

FnREQULNCY, Hz

Fig. 3-19, Composite of typical enaasured
night vibration with enveloping curve.

I'
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The control methods and procedures necessary for the mixed sine and
randonm test are similar to those required for the sweep narrowbund random test.
Tlherefore, unless the envitonment is chat acterized by sinusoids mixed with ran-
domn there is no distinct advantage to the sine-random test. The sweep-random
test retains the statlitical character of the waveforms of most vibrations found in
nature. Another advantageous property of the narrowband random test is that a
given test level can be obtained using smaller shakers and power amplifiers than
those required for a broadband test at the sanme level,

Tliere are two approaches to narrowband testing. In one 159, 60], the test Is
based on equating the damage incurred by the wideband test to that of the
narrowband test. This method uses one or more narruwband spikes and lugarith.
mically sweeps through the frequency range. The rms magnitude of the narrow-
band spike is proportional to the square root of the center frequency of the
spike. The equivalence relationship between this test and a broadband tlst is
based onl equating cumulative fatigue damage.

The other method 1611 does not attempt to equate the narrowband test to
the wideband test. Instead the justification for the test is based on the fact that
the narrowband excitation is a better simulation of the actual environment. The
method was developed from the results of a statistical evaluation of aircraft
vibration which revealed that a single vibration spectrum could be described by
three narrowband spikes superimposed on a relatively constant broadband level
as shown in Fig, 3.20, The peak levels of the spikes represent the extreme
expected level and are the values which would be enveloped In a more conven-
tIonal approach. This spectrum is therefore a method of describing the environ-
ment in a more realistic manner than the conventional broadband description,
Because the center frequencies of the narrowbund spikes cannot be predicted It
is necessary to assume that they could be any value. The test, therefore, which
approximates this description of the environment requires that the center fre-
quencies of the spikes be varied across the respective frequency ranges of each
spike. This will verify the design for any values of the center frequencies which
may be encountered in the service environntenL.

Simulation of Gunfiring Vibration

Of special interest, recently, is the vibration in aircraft resulting from the
firing of high speed guns which fire at a rate of 20 to 100 rounds per second.
The reaction forces from these guns are minimized by special isolation systems
and generally transmit very little force to the aircraft structure. However, the
blast pressure from tite projectile charge cannot be eliminated. It is distributed
around the exterior fuselage of the aircraft to varying degrees with the most
extreme pressure levels in the vicindty of the gun muzzle.

A single pressure time history can be idealized as shown it' Fig. 3-21 162].
Expansion of this pressure time history In a Fourier sine series will reveal the
frequency content, and will result in the coefficients shown in Fig. 3-22. The
fundamental frequency of the harronics is equal to the basic firing rate of the



100 SI;ULlC('ION AND) M-tIRFRMAN(T 01: VIBRATIONITFSTS

4CENTER FR EQUENCIES

Ic I f t
2 EX THEME

- PREDICTEI)
I I LEVEL

f L< f < f

I 2 
b

I- t1AvttVERAGE
-J PREDnICTED

I.) LEVEL

FREQUENCY

Vig. 3-20. ttloatLbnd nairruwtnand diiieriliiiunotaiurciraf't t1ightvibrutlon.

gun. Notec that t he amnpilituode of' fil hil ni monkcs romains higih aniid fail y COnStanlt
over a Significant frequenicy range.

For tiling rates of' 100 Ilz a forcing function wyould have Signi ficant levels
covetring u frequenicy range from 100 liz to well over 2000 Ilz. The structural
vib iat ion rp.suItin g I'out this tk icing Func tion will have tile Same Lhulaklr a as thle
lure in g tune tion. Tlhe wave fornins are described by line -:e c r a at thte Itaiono ile
frequecnies with Iiamplitudes and phlaSe angles depenident (-- tilc dynaili odeiranster
characteristics of thle structi~.L.

During any onec burst, ice., a seies ut rounds, the ipresum.i and firing rtet will
vary because otf ditfeiances Iin anmurittion charge. variations in hydraulic lptos-
Surle whiich reguIlates Teed, mechanical tolerances, etc. Ini addition. to thw varia.

oneo burst to alntheiir. A ±5-pei ccit vai Iiat ion f rum tile fun~ldaimental rate is
typical.

Complex periodic waveforMi vibr~1tiutt also exists Iin tratckd vehicles Such as
tan ks anud a rinn rcd Pe rsonunel carriers ot Iin qui pit imit WiLth rutati; -)iI r il.laUct ilIg
macliritn y . It Is likely that the fun damentila IPeriodic l ate %ill-lso Var iable for



SIMULATION CIIARACTLRISTICS 01: TEST MET'TOI)S 101

i-i

U.

0 0.005 O.025 0.03 1.0

NORMALIZED TIME, T X PRF

I'ig. 3-21. Idealized blast pressure time history, 1aormuziied to period

of firing rate frequency fr"

hlese situations and that the Iechniques for simulation of gunfire vibration as
discussed here are generally applicable.

L'sa of sinusoidal excitation to simulate gunfire vibration has some appeal
sin,:e a periodic, or at least, almost periodic waveform is to be simulated and
thus each harmoaic of the waveform can be simulated in 'urn. The weakness of
this approach is that the relationship between the effects of applying eavh
harmonic individually and all harmonics simultaneously is difficult, if not impos-
sible, to assess, particularly with respect to functional performance cc the equip-
ment. The rather obvious possibility of using the sum of the outputs of' a
number of oscillators, one for each harmonic, can bL quickly discarded when the
problems of amplitude and frequency control are considered. Use of broadband
random excitation immediately permits simultaneous excitation of all harmonics
of the environment. However, it is clear that a broadband level which in some
undefined way 4s equivalent to the level of the harmonics must be very conserva.
tive in the frequency bands between the harmonics.

A unique method has been developed primarily for use as: simulation of the
gunfirin, environment 117]. This method utilizes a pulse traimi excitation source
to be used in place of the oscillator or random noise generceor in the test
",,•n1sole. Several simulation requirements are immediately fulfilled. First, all
harmonics are generated at once. Second, the determinik.tic nature of the wave-
form is achieved. Third, the phase relationships, even if incorrect, are at least not

-I -,
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Fig. 3-22. Ireyqency content of blast pressuire wave.

artificaly controlled and would b, repeatable fur a given test setup. Fourth,
variation of the putse repetition rate would tune all harmonics correctly. Fifth,
the test duration is immnvdiately dvtermined since real-time testing i. achieved.
This technique is discussed in more detail in later chapters dealing with imple-
mentation of tests.
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CHAPTER 4
VIBRATION EQUIPMENT REQUIREMENTS

Previous chapters have described the various factors to be considered in the
selection of a test method. The remaining chapters are concerned with the
Implementation and performance of the various methods. Of course, the factors
discussed In these chapters should also be considered in the selection of the test
and preparation of a test plan (see Appendix C). However, rigid contractual
requirements specifying the test method are often set prior to such consideru.
tion. Even so, many of the factors discussed in these remaining chapters can be
optimized within a given test method in such a way as to significantly influence
the cost, time, complexity, and accuracy with which the test can be performed.
This chapter presents equipment considerations which are applicable generally,
regardless of test method, whereas Chapter 5 covers those factors related specif-
ically to the various test methods and sets of conditions.

The basic elements of vibration test equipment are shown schematically in
Fig. 4.1, linked together in the order In which mechanical or electrical signals
flow through the system. The dotted line Is intended to indicate the alternatives
of manual or servo control while the parallel paths Indicate that a load connec-
tion/support system or a vibration fixture, in the conventional usage of the term,
may or may nut be necessary, depending on the configuration of the test item.

The following sections contain discussions of the major factors with respect
to all the elements shown in Fig. 4-1 except the waveform generation equipment
and most of the control system equipment, which are discussed in Chapter 5.

ISLOAD VI'IRATION TFST

VIARVEOROR CONNECTIONCONTRL
OSHAKER) ESUPPORT SYMTEM

SOURCE EQUIPMENT

tFig. 4-1. Basic cleilnts of vibration te.t equipment.
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Information which is normally available from manufacturers of vibration test
equipment Is not included.

4.1 Vibration Excitation Systems

A vibration excitation system is defined here as consisting of the driving or
power source, the vibrator (shaker) and, where applicable, the external load
connection/support system. Driving source/vibrator systems may be classified
into three categories characterized by their nominal maximum test frequency:
(1) low frequency (50 to 60 Hz), (2) intermediate frequency (500 to 900 Hz),
and (3) wideband (2000 to 5000 Hz). The material in Chapters 4 and 5 is
applicable generally to the use of either of the last two categories, although the
discussion is directed mainly to the use of wideband, electrodynamic systems. If
one excludes product assurance testing, most current testing Is performed using
wideband systems.

Vibration System Types and Characteristics

The low-frequency vibration system is exemplified by the Inertially driven
react1nl-type exciter. It is available in a wide range of load-bearing capacities,
ha' tst ,requency capabilities in the range of about 5 to 60 Hz, and is limited to
low displacements and sinusoidal waveforms.

Intermediate-frequency systems are typified by the hydraulic shakcr. The
driving force is derived directly from a hydraulic power supply, with wry large
force ratings possible. The application of the force may be clectrortc!,lly
programmed, thus permitting sinusoidal, complex, or random waveform testing
within the system's frequency capability. Test frequency capabilities may range
from as low as 0A1 Hz to an upper limit of 500 to 900 Hz. Relatively large
displacements are possible at the lower frequencies, with several Inches com-
monly available and a few man-rated systems providing several feet.

Wideband systems are comprised of clectrodynamic shakers driven by elec-
tronic power amplifiers. Older systems are limited to the frequency range of 10
to 2000 Hz, but systems have been available for several years with upper limits
of 3000 to 5000 Hz. Maximum peak-to-peak displacement capabilities range
from 0.5 to 1/in.

Vibration System Capacity

For any given test, the ability of the vibration system to produce the desired
waveform over the desired frequency range at the required level is of prime
Importance. It is obvious that use of a system with insufficient capacity is likely,
at best, to result in only a partial achievement of test objectives. However, eveu
if the selection of a facility is based on nominal force reqatirements which appear
to be adequate, there are adverse results which may be e.pected. For examplc;

F: I. The ubiquitous problem of designing an adequatr fixture is likely to be
compounded by the weight constraint imposed by the fo,'ce limit.

t ~I.
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2, There is likely to be Impairment of the ability to program and control test
levels due to the combined influences of the electromeehanical characteristics of
the shaker system and an unfavorable mass ratio of test object, fixture, etc., to
shaker armature.

As a general rule, the greater the capacity of the vibration systent, the less
pronounced are these effects. Conversely, if equipment costs, availability, or
other considerations make necessary the use of a marginally powered system,
test performance difficulties should be anticipated and compromises that will
probably be required in fixturing, test quality, and test time should be recog-
nized and accepted. It is unfortunately true that the adequacy of the excitation
system can rarely be determined rigorously prior to testing the actual test item
at full test level.

In addition to the system's force rating, the maximum stroke of the shaker
armature must be considered. First, depending on the weight of the test mass
and the stiffness of the armature flexures, the stroke available during vertical
testing will be less than the rated stroke because of static armature deflection
due to the test load. This problem Is avoided ott some recently developed shakers
by Incorporation of a device which re,-enters the armature as load Is added.
Some older shakers can be modified to provide this repositioning capability
163]. Second, since the maximum stroke of some shakers Is limited to a 0.5-In.
double amplitude, acceleration levels specified at lower frequenclis may not be
attainable because the resulting displacement exceeds the stroke limit.

Load Connection and Support Systems

Load connection and support systems include those devices employed to
couple the shaker armature to and to support the dead load of the test item and,
wherc applicable, the test fixture in which it is mounted. See Fig. 4-1.

The need for such devices arises generally when one or more of the following
situations obtains:

i. The test item is large or massive,

2. The orientation of the test item with respect to gravity forces must be
maintained, regardless of axis of vibration excitation.

3. The test Item is to be tested along each of three orthogonal axes.
* 4. The deadload or moment cannot be supported by the shaker.

5. The dynamic moment (overturning moment) cannot be reacted by the
shaker.

6. Motion normal to the excitation axis, Lie., crosstalk, must be mtinin ed.
* 7. The test item Is to be vibrated at one or more locations which are not

"normal attachment points" and no "fixture" is employed.

8. A single, less-expensive fixture can be employed for all test axes in con-
.junction with such a system.
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The design of such devices must fulfill, to tde greatest possible extent, the
following requirenients:

1. Minimize cUstortion of the desired vibration waveform at the test item.

2. Mitiminze effects on the response of the test item to the required vibration
excitation.

3. Prevent, or at least, not amplify crosstalk motion.

4, Minimize the reduction in vibration excitation system capacity,

5. Be convenient to use.
6. Protect the shaker armature from excessive loading,

These devices call be grouped into three basic categories which are discussed
in dte following subsections. These categories are (1) linkages between the
shaker and the test item, the test fixture, or the slip plate through which the
excitation is transmitted; (2) slip plates which provide a nvlunting platform in a
horizontal platte to be driven in a horizontal direction; and (3) devices used to
support the dead load of the test item. Requirements for design of categories I
and 2 have much in common with the design of vibration fixtures discussed in
Section 4.2, In particular, the requirement for preloading of bolted connections
(641 and for care of mating surfaces must be observed for satisfactory
performance.

Linkages. Linkages, in the present context, serve as transition structures to
transntit the shaker motion or force toward the test item. Most shaker armatures
are circular with one or more concentric bolt circles for attachment. The linkage
must be a rigid, efficient structure to provide the transition from the circular
armature to (I) it line for attachment to a slip plate, (2) a larger area for
attachment to a fixture, or (3) a smaller area for attachment directly to a test
item. Types I and 2 are completely rigid, whereas type 3 may be flexible in
shear or bending. This flexibility is required to protect tihe shaker from excess
loads when the test item center of gravity is offset from the line of force or
when significant shear and flexural response loads can be predicted. Figs. 4-2,

4-3, and 4-4 show typical linkages of the three types mentioned, Tolleth 1651
discusses the design of linkages to drive slip plates. Such linkages are usually
attached to the shaker and the edge of the slip plate through bolts in tension.
However, for the slip plate, it is structurally more efficient to apply shear load.
lng by, for example, using cylindrical expansion sleeves in aligned holes through
linkage and plate normal to the thrust axis. The latter approach has the added
advantage of speeding up the process of changing shaker orientation since only
loosening or tightening is required rather than complete unthreading or thread.
Ing, Obtaining desirable fiequency response characteristics for the linkage-slip
plate combination is difficult, but careful design techniques yield reasonable
performance. Tile authors know of a few instances vhere an integral llnkage/slip

K plate has been fabricated from a machined casting; however, the degree of

,, ~ *~
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Fi g. 4-2. T ypical s annatu re-i o-stip-plat iCInkjgL.

fimprovement over the conven tional con fi'gu rationr Is un known0 alit minay no0'.j u -
tify the significant Increase in cost.

The linkage shown in Fig. 4-4 incorporates an "X" flexure Which permlits the
missile to "pitch" with negligible moment applied to the armature. Such l inkages
developed t'rot tile rather U nSal istactory expelrienCC With thle USe (it' Mechaniucal

* huses, i.e., rods thireaded at cach end and "necked down" In tihe middle. These
linkages tended it) absorb too 11111.h shaker capacity because of a low longitu-

* dillal resonant tfrequcency and 1'1iC tlii Cii r~hl' hler rLIUC lit ly
For small loads mounted onl tile sha~ker table where repctitive testing of'

successive Items is required, attempts have been made to speed tip the insislala-
tion-reninoval cycle by u sing vacuu 1 in 1 or l iqu id filmi mountiing I 671 techi-
niques with somec degree of' success. Thiese methods may be uschlI for low-mass
items where acceleration forces, particularly at the lower treqtietcics, are tot
too large.

*Slip Plates. 'The majority of' vibrationi tests requlire tile test iteml to be vi-
brated in each of' t bre orthiogonal axes, typiically the vertical, longitudinal, and
lateral axes oh* thle test item. When thle test item is mounted in a fixture. it is

*. gcenerally economical aind someCt imles miantdato0ry . it' tilei orien tat ion of' the test
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Fig. 4-3, Typical ar weri-Iiw . Xfilture linkage.

Item Is significant (e.g., when vibration isolators are part of the I.•st itlem), to use
a slip plate for testing in the two horizontal axes.

The more common of two basic types of slip platei Is shown in Fig. 4.2. The
slip plate floats on a thin oil film on a granite block 108-701 . The shaker
mounting hole pattern Is usually repeated in the ph;te to permit use of a singkl
fixture. T*ile prioblem ol' large fixturc ove i"ang l10r at least t test axes iS
minimnlzed, and a relatively large nyertilunin g moment, due to vertical o ff set oif
the center ot' gravity from the thrust axis, cal lie tolcr.1tcd. lowevel, fiatliess
tolerances on the plate and top surface of the block are tight; protection of these
finished surfaces during use, handling, and storage Is required, and aligntment is
critical if the necessary film tension restraining forces are t) be maintained. It is
obvious also that the maximum acceleration level which can be applied to a
given test mass is reduced due to the increased load.

All but the last of tie above difficulties can be elim'iinatud by the use of a test
bed riding on shoes sliding in restraitling slots and luhmaicated by high pressure oil
feeds. Suchi equipment is commercially available and will withstand very high
off-axis loads successfully. I lowever, these systems are considerably more expen-
sive thian slip plate installations.
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Fig. 4-4. Typical armature-to-test.Item ltinkqi.

Prior to the development of slip plates, support of test objects for testing it
the horizontal axes was provided by either a set of rollers under the fixture or
plate or an array of vertical flexures attached to a relatively inert base [711 .The
problems encountered with resonances, crossta2.,, and rattles in these types of
support are readily imagined,

Static Load Support. Tests of large or massive items, except when slip plates
aic employed, generally require a device to react the static load of the item. If
the Item is mounted on top of the shaker, it may be necessary to reduce the
stress onl the armature flexures and/or preserve the full positive and negative
displacement capability of the shaker. (See page 105 also.) When the shaker
axis is horizontal, static shear and bending moment on the armature must be
prevented. In either case, the static load support must be "soft," i.e., the natural
frequency of the suspended mass (assi .ned rigid) In the excitation axis must be
low compared to both the lowest resonant frequency of the suspended mass and
the lowest excitation frequency. The support device must also be capable of
position adjustment for alignment of the test object with the shaker.

A variety of support mechanisms such as air bags, elastf: cables (eg., shock
cords), and metal springs in combination with hoists. jacks, dtc., may be success-
fully used for static load support, For example, see Fig. 4-4.

It is generally advisable, in those tests where static load supports are neces-
sary, to provide a backup support or "preventer." This support is supposed to
catch and support the test item in case of failure of the main support system.

I.d
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"Tihe ropes visible in Fig. 4-4 have this purpose but fortunately have yet to be
proven adequate.

4,2 Vibration Fixtures

There are many factors to be considered in the design of vibration fixtures. In
addition to the general considerations such as weight, configuration, and cost
there can be requirements on stiffness, durability, and simplicity. In a typical
program the fixture requirements appear in three forms: The project office
desires fixtures that cost nothing, can be built overnight, will accommodate ten
units simultaneously, can be used for holding fixtures when not In use for
vibrationr, and can be used on other programs. The specification people want
fixtures that have infinite stiffness and zero cross-axis response. The test labora-
tury wants u fixture which weighs nothing, will allow all three test axes to be
performed on the slip plate, and can be switched to another axis by renmoving
and replacing one bolt. A poorly designed fixture is usually the result of exces.
sive Influence by any one of the three groups. A good or adequate fixture will
possess a balance of all of the above factors. It is the job of the fixture ,•esignir
to place these sometimes contradictory wishes in perspective and derive his own
set of design requirements that will allow the design of an optimum fixture. The
following sections outline the primary considerations in fixture design. Refer-
ences 72 and 73 contain more detailed discussions on this subject,

Weight

A controlling parameter in the fixture design is the maximum allowable
weight. This weight Is a function oL' the available excitation force, vibration test
requirements (i.e,, level, frequency range, and method of control), and moving
mass, i.e., weight of test article, shaker armature, slip plate, etc. As a first
approximation the allowable weight should be calculated on the basis that the
moving mass remains rigid throughout the frequency range of the test. For
example, a 10,000-lb shaker would be capable of exciting a moving mass of 1000
lb at a sinusoidal level of 10 g's. However, because the moving mass will respond
dynamically to the excitation, there will be frequencies where additional force
will be required to maintain a given acceleration level. The amount of additional
for•ce depends on the dynamic characteristics of the complete test configuration
and the method of test control. A method which utilizes a single acclerometer
location for level control will generally require more farce than an averaging or
signal selection method. A test eriglneor can usually estimate the force require.
merits on the basis of past experience with similar tests. However, a good rule of
thumb is to multiply the test article weight by ten when using single-point
control and by two when using aveaaging or signal selecting teciniques. This
weight is then used as follows to calculate the allowable fixture weight:
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Force rating
Fixture weight - Forcevi - Test weight

where

Test weight = Total weight of moving mass (i.e., armature, slip plate, test
article, etc.) minus the fixture weight. (Test article weight
multiplied by 2 or 10 as defined above.)

Force rating = Force rating of shaker (peak or tis, respectively, tor sine
or random)

Test level W Acceleration level of test control (in units corresponding to
type of test, i.e., peak for sine, rms for random).

Stiffness

The stiffness requirement of a vibration fixture is different for different types
of tests. For engineering evaluation tests where the dynamic characteristics of
thi, test article are to be determined, the stiffness of the fixture is extremely
impr rtant. It must be controlled so that information derived in the test can be
pioperly interpreted. Stiffness is also important for tests where the fixture Is to
simulate the mounting structure of the test article [30] . Fur testing of light
components and off-the-shelf equipment to nillitary standards requirements,
consistency is important, and therefore so is the stiffness of the fixture. For the
hige majority of tests, however, the requirement un the fixture stiffness should
be 'he least important factor of all the design requirements. Unfortunately, it Is
often treated as the most important. Efforts are directed toward making fixtures
as stiff as possible with the ultimate objective of attaining equal ii-phase motion
at all test article attachments throughout the frequency range of the test. This
effort usually results in expensive, heavy, and limited-use fixtures. Most im-
portant, environmental simulation is degraded. This is evidenced by the fact that
vibration fixtures, especially those designed fur stiffness, have no tesenmblance to
the actual foundation structure of the equipment. The ultimate in good simula-
tion would be to provide a tfxture that simulates the equipment mounting
impedance and to control the test in a manner which would allow the article to
influence the base motion. The technical difficulties and exiunsc are at present
too great for such a test, It can be approached, however, through the use of
excitation and control techniques discussed in Chapter 2 and by not using fix-
tures whico are too stiff when compared to the mounting structure of the test
article. This last statement is negative in that it advises not to use a certain
fixture design rather than suggesting a requirement. This is intentional because
speclifcation of any stiffness, even one that approxim:ates actual conditions, is
often too binding a constraint on fixture design.

Occtsionally fixtures must be made unusually stiff to enable the achievement
of full test level. This may come about when the test requires the use of a fixture
that haor a configuration that structurally provides a low-pass filter between the

• ',4
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excitation and the control accelerometers, As an example, the testlng of a large
object on the hiead of a shaker where the fixture has a significant amount of
overhang often results in an inability to achieve test level above the frequency
associated with the fundameintal bending frequency of' the fixture. The problem
can usually be solved or at least reduced if the stiffness of the fixture is In-
creased,

Material and Method of Construction

The factors which influence the selection of a material are weight, cost,
availability, and ease of construction (e.g,, machinability). Aluminum and mag-
nesium are the most popular for fixtures. Aluminum is generally more desirable
because of Its strength, especially for fixtures which will have repeated use.
Method of construction, that is, welded, bolted, or cast, depends on two factors:
cost and schedule. Bolted fixtures may be the cheapest to manufacture but can
cause problems in test control it' improperly designed. Cast fixtures usually are
the most expensive (an exception to this general rule Is discussed in Ref. 74) and
theiefore difficult to justify except for special situations. The most economical
and useful fixtures usually are both welded and bolted, Bolts should always be
preloaded 1641 to Insure against separation of parts, a highly nonlinear phenom-
,non which can cause problems In test control. Use of laminated fixtures is
discussed in Ref. 73.

Miscellaneous Considerations

If at all possible, fixtures should be designed to allow three-axis testing on
either tile head of' tile shaker ui the slip plate. This Is to eliminate the need to
rotate the shaker from horizontal to vertical or vice versa In addition the design
should miiulmnize the effort required in switching axes: the unit should be easy to
remove from the fixturc and the fixture from the shaker or slip plate 1661 . It is
also desirable, although seldom possible, to be able to detach tile fixture without
removing the unit. For testing large or massive items which require large fixtures,
integrated slip platelfixtures should be considered [731.

if a fixture is to be used repeatedly it is desirable to use threaded steel Inserts
at all locations that require continual removal and replacement of bolts. In
addition, bearing surfaces which are under high preload stresses may require
special attention for repeated luadings to prevent galling (i.e., heat treatment,
material or chemical coatings).

4.3 Instrumentation and Control

Transducer Characteristics, Location, and Mounting

If the test to be performed is to yield any meaningful results, one must be
"able to identify the point, or points, for which vibration levels are to be defined

'I.,';
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and controlled, whether the specified "Inputs" be in terms of displacement,
velocity, acceleration, a combination of these, or force. Although the exclusive
use ,f' accelerometers has become fairly common in recent years for tests where
a mixture of displacement, velocity, and acceleration levels is required, a few
observations concerning the first two types of transducers are in order since, for
an occasional test at lower frequencies, they represent the optimum instru-
mentation approach.

Displacement Transducers. Practical displacement measurement techniques
can be classified conveniently into three basic categories according to the param-
eters used to convert motion to its desired analog: resistive, capacitive or induc-
tive, and optical. Since all depend upon the change of a parameter proportional
to the absolute displacement of the test mass, part or all of the transducer (or
the observer, in one case) must be supported rigidly, or isolated, to provide an
inertial reference against which motion of the test mass is measured. It is obvi-
ous, then, that their useful frequency range is dependent on this support struc-
ture as well as on the limitations inherent In the design of the transducer itself.
The three typos, along with additional factors to be considered in their applica-
tion, are as follows:

1, Potentiometric or slide-wire. A regulated excitation voltage is applied
across the potentiometer allowing pick-off of a signal proportional to displace-
ment by use of a slider connected by a mechanical linkage to the test mass.
Other factors which should be considered are the inertial loading of the slider,
linkage, and its attachment; the degree of resolution (determined by slider di-
mension, fineness of potentiometer wire, and total rcsistance), and noise CffeLts
due to transient changes in slider contact pressure.

2, Capacitive or inductive. A regulated excitation voltage is applied and a
change in capacitance 1751 or inductance due to relative motion, respectively, of
either an equivalent capacitor plate or a piece of ferromagnetic material attached
to the test mass permits the generation of a signal proportional to displacement.
Loading is minimal usually but linearity of output and low resolution, common-
ly resulting from the fact that the total parameter change is relatively small, are
additional factors to consider.

3, Optical. There are three techniques which may be used; in one, tlte specu-
lar reflection at a relatively sharp boundary between a light and dark area on the
test mass is tracked through optics by an electronic servo which generates an
output signal proportional to displacement [761. No loading at all occurs, and
both resolution and frequency response nominally are far better than for other
systems. However, its rigid mounting is much more difficult due to sensor size
and mass and is further complicated by the placement limitation imposed hy the
focal length of the optical system. A recently developed method involves the
use of the laser interferometer. For details see Refs. 77, 78, and 79. The third
method Involves the use of the "optical wedge" (Fig. 4-5) and can be applied
only to the case of pure sinusoidal motion and for displacements of 0.05 in.
(poak-to-peak) or more. Since its effectiveness depends partially upon the

t.,
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phenomenon of retentivity in vision, the wedge cannot be used at freqiuencies
below 14 to 16 Hiz. Thc minimum res.,ution of 0O05 in. double a'nplitudc (DA)
rcprUCISnt rapidly increasing aeccelerattion with increasing frequency. i.e., pro-
portional to frequency squared. For example, at 125 Hz, the acceleration is
40 g peak. For additional Information, see Ref. 80.

r Velocity Transducers. The operation of the velocity transducer In general
depends on the inertial displacement ofu ac.oil in a ningne tic field. As the coil,
which is connected into the sensing and noeasuremnent circuitry, cuts links ol the
magnetic field, an electroinotive force is generated which Is proportional to
velocity, Because It usually requires a self-contained magnetic field, the velocity
transducer is relative~y heavy. Therefore, Its use should be reserved for applica.
dions where fairly high loading of the test miass can be toleruted.

Acceleromneters. Piezoelectric types of acceleromecters have been mnust corn-
nionly used in recent years because they are relatively light, are available with a
fairly wide range of sensitivities, and are miost easily used with modern commner-
cial electronic programmiing and control equipment. Their outputs arc derived
by rimposing an Inertial force on a piezoelectric crystal, with the strain thereby
created generating an electrical charge prorortional to acceleration. Their high.
trequency response Is quite good, with miost being usable to well above 2,0 kI lz
and somie having inherently accurate response up tIn U0 kliz, Nominhal limits on
their upper frequency range are determined by accelcroracter resoniance chiarac-
teristics [811. However, it should be noted that the mounting miethod is likely
to be the major factor lim-iting the frequency range over which useful data mlay
be obtained. Plezooeiciric acceleromleters generally hasve a limilted low-frequency
response, with increasing signal degradation below t0 to 15 11z.

DIRECTION

VI8HATORY
MOTION

Fi1g, 4-5. 'lypiculi Qpticut wudge.
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For low frequency tests, or whr n greater signal sensitivity is required, the
strain-gage accelerometer may be preferable. There are two basic types: wire
resistance and piezoresistle,'. They both providedirect current (zero frequency)
response; however, the upper frequency response is limited to the range of about
50 to 300 Hz for wire types and they are relatively heavy and susceptible to
damage if their acceleration range is exceeded. The plezoresistive type is much
lighter, can provide much higher frequency response, and is somewhat less sus-
ceptible to overacceleration damage 1821.

Lotatlon und Mounting. As has been noted, definition of control points
should be an essential part of test design. Adequate test planning, then, should
lead to pcovision in the fixture design for convenient mounting of transducer(s)
at the point(s) for which test levels are to be controlled [83]1 For the test where
control must be based upon an Input modified, or limited, according to the
response at one or more points on thm test object Itself, the select.on of the
location and the type of respnn.c transducers requires careful consideration, For
example, If a point at which the response must be monitored Is likely to flex
during vibration, there are two basic problems in selecting an appropriate trans-
ducer regardless of mounting mothod: (1) the accelerometer must be light
enough to minimize loading effects sufficiently, and (2) Its sensitive element
must be well-enough isolated from its case so that strain imposed on the latter
by the test structure does not induce s. -bous signals in the accelerometer oul-
put. It should be noted that some commercially available miniature accelel
owneters are particularly sensitive to case distortion.

Threaded studs (or screws) and cement are most commonly used foi mount-
Ing accelerometers. If no precautions are taken, a threaded attachment will often
introduce electrical noise into the output of the ac,:elerometcr due to grounding
of its case. This problem can be avoided by using isolated mounting studs which
are commercially avaitlable with good mechanical response characteristics. For
threaded attachments it is important to use the Installation torque recommended
by the accelerometer manufacturer to avoid deviation from the calibrated sensi.
tivity. The effects of mounting variables on the accelerometer's performance are
described In Ref. 84.

The most popular material for cemented attachments is Eastman 910 because
it is easy to use and attains full strength within a few minutes after application,
If it Is applied properly to a clean, flat surface, the resulting bond is adequate if
instantaneous acceleration levels do not exceed 60 to 75 g's and if it is not
exposed to temperatures outside the range of about 0 to 75' C. It is often
necessary to interpose a thin fiberglass pad between accelerometer base and
mounting surface (cementing both) to avoid ground-loop noise. Frequency re-
sponse in either case is surprisingly good: even with the insulating pad it is
satisfactory up to 3 kHz [851 . If the mounting surface is nut smooth or flat,
dental cement can be used with satisfactory results. At least 45 min must be
allowed for curing at ambient temperature with more tim- required if test levels
greater than about 10 g's art expected; curing time can be reduced by applying



116 SELEXCTION AND PERFORMANCE OF VIBRATION TESTS

heat carefully. Double-back, pressure-sensitive tape is sometimes used for accel-
eromniiter moui dingý It is not iecommended for test levels exceeding 4 to 5 g's or
at frequencies greater than 500 Itz [85,861.

Other miscellaneous mounting techniques involve the use of a thin layer of
wax or a pernument magnet. Good frequency response is claimed but no evi.
donee of Independent confirmation has been found in the literature.

In addition to assuring satisfactory attachment of accelerometers, it Is neces.
sary to secure their cables to prevent whipping which is likely to induce spurious
signals in the cables, at the connectors, or as a result of strain imparted to the
accelerometer case, It is recommended that all cables be taped or lashed us
required to prevent their motion relative to the test mass and accelerometers.

Averaging

As was noted in Section 2.2, control of the test level to the average, either
absolute or power, of two or more transducer s!gnals has become connmmon
piactice [31l. The synthesis of it control signal which has the properties of the
desired uveiage is often achieved by the use of a coinmutating device known as a
time division multiplexer (TDM), whose function is illustrated In Fig. 4-6 The
output of the TDM consists of sequential thie samples of each signal. In normhal
operation during sinusoidal tests, commutation is synchronized with tile excita-
tion frequency so that each successive sample contains one period of motion.
For use in random or complex.wave testing, the dwell or gating time is adjust-
able over some range.

Failure to observe certain precautions In the use of the TDM [871 can cause
significant errors. Basically, these errors all stem from the fact that the spectral
characteristics of the TDM output signal will almost always differ, to greater or
lesser degree, from the spectral characteristics of the average of the individual sig-
nals. Significant errors •en mainly from either of two situatiorls: (1) the polarity
of one or more of the individual signals is inverted from the remainder; arnd (2)
significant amplitude differences exist between adjacent inputs to the TDM.

-li-l

-POWER AVERAGE SIGNAL

TRANSDUCER. TO EOQUAALIZER-ANALYZER
SIGNALS.'

Fig. 4-6. Power averaging of tandom .agnala by cominutlatlon (timne division nultlplkxing).
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Relative inversion of signal polarities resulting from orientation of' the trans-
ducers can be removed either by physical relocation or by electrical means.
When relative inversion or large amplitude differences exist because of resonant
response, modification of control or averaging methods may be required.

The potential errors In the use of the TDM fall into the following categories
with differing implications regarding test quality:

I. The synthesized signal is not the average (absolute or power) of the indi-
vidual signals, creating overtest or undertest.

2. The vibration control system reacts erroneously to a correctly synthesized
average signal, creating overtest or undertest.

3. Independent analysis of the synthesized signal for test condition documen-
tation is incorrect, indicating overtest or undertest even though test periormance
was correct.

4, Independent analysis of the synthesized signal is Incorrect to the same
degree as the control system and thus validates an erroneous test.

It will be seen that it is easy to commit each category of error.
Since the adverse effects differ for sinusoidal, conm lex, and random wave-

forms, they are discussed separately below.
Sinusoidal Waveforms. For the simple unfiltered sinusoidal test, no unusual

precautions are needed, However, if fundamental control Ic auttmpted with rela-
tive input polarities reversed (or significant relative amplitud6 differences) and
using insufficient TDM dwell times, very large errors in control level will occur.

For fundajmental control a tracking filter is used to remove the unwanterl
distortion from the accelerometer signals. However, the output of the TDM
contains distortion products (sidebands) due to step changes in the signal level
when the TDM switches from one input to the next. The effect on the control
signal is most pronounced when adjacent channels of' the TDM have opposite
phase or large variations in amplitude. T'hese sidebands must be passed by the
filter if a reasonably accurate absolute average of the fundamental components
of the control signals is to be obtained. The obvious solution to the problem is
to increase both the TDM dwell time T (by using the random mode) and the
filter passband B so that the relative distortion resulting from TI)M switching is
reduced and most of the desiied sidebands are contained within B. Unfortunate
ly, as will be noted later, servo nime constant and test sweep rate considerations
impose severe constraints on the maximum permissible 7.

Usher 187] shows that for the extreme case, where alternate I DM channels
are 180* out of phase, the BT product must be 10.6 or more for about 80-
percent accuracy. it should be noted that the Inaccuracy will result in overtest
because the output of the tracking filter will always be less than it shouid be.

When T is increased the servo time constant must also be increased to avoid
"hunting" due to amplitude variations at switching and consequent modulation
of the input to the power amplifier. The modulation will occur at low frequen-

* cies calsed by relatively large T. To reduce this effect, the servo time constant h..

e
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must be made large compared to T. However, an upper limit is Imposed on the
servo time constant because the servo response must be fast enough to correct
unwanted test amplitude variations with sweep frequency, Adjustment of the
servo time constant required to limit modulation to an acceptably low value
depends on the specific equipment being used, Usher provides an example (using
a 20-Hz filter) where a time constant of 27.3 sec is required to limit the modula.
tion to 5 percent where the control signal Is derived from multiplexing two
channels (one at zero amplitude) with a Tof 0.084 sec, This is an obvious worst
case, but it does illustrate graphically the difficulty of test performance in this
mode,

It should be noted that the foregoing problems can be eliminated by the use
of multiple tracking filters. Each control transducer signal can then be filtered
and the filter outputs connected to TDM Input channels,

Complex Waveforms. For complex waveform tests, If multiple filtering and
control of Individual frequency components are attempted, the factors described
above are applicable (with obvious complications in selection of dwell time,
filter bandwidths, and servo detection times), If the broadband output of the
TDM is used for test control with inverted input polarities, control quality is not
likely to be degraded. However, subsequent analysis of the recorded control
signal to define spectral test levels may indicote spetaneular errors at some fre-
quencils, The degree of indicated error will depend upon the TDM dwell time,
analysis filter bandwidth, and the relative spacing of the input frequencies com-
prising the excitation waveform. If relative signal polarities were not correct (or
are unknown) for the test, it is recommended that definition of control levels be
based on the analysis of individual control transducer signals and calculation of
their spectral averages.

Random Waveforms, As was noted in Section 2.2 under "Random Test Level
Control," random waveforms must be power-averaged by deriving a signal whose
spectral density is equal to the average of the spectrai densities of the Individual
signals. Figures 4-6 and 4-7 illustrate schematically two means by which such a
signal can be synthesized.

Decorrelation Method. The method shown in Fig. 4-7 resultr in delaying each
!;ignal with respect to the other signals so that they are deco;related.

Sinct; the signals originate from a common noise source, they are normally
well cornelated. The spectral density of the sum of independent or uncorrr; ,ted
rindoum signals is equal to the sum of the spectral densitles of the individual
signals. Thus, the desired power average signal is obtained by mixing the sus:cess-
ively delayed siguals and dividing by the square root oif the number of signals.
I he schematic diagram of Fig. 4-7 may be readily implemented by recording and
reproducing the individual signals (except the first) on a magnetic tap -..corder
to achieve the desired delay time. For a large number of signals, Ais may strain
the available recording capacity since the additional tape recorder channels (re-
cord and reproduc, I requIred for n transducer channels is
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n-2

Additional chianikis = I +I (4.1)

This equation assumas that ii recording of' the power average signal is required
us well ar hie normal requirement for recording the individual signals, Thle delay
time between (lhe recorded and reproduced signals occurs by reason of' the Litime
required for the tape to travel [rum the record to the reproduce heads. It is
therefore a [unction of the physical design of the particular tape recorder and
the tape speed selected. A commonly available recoider provides u 2t00.mlsee
delay at a I15-ips tape speed.

Conflicting desires enter Into selection of' the appropriate time delay. Thc
decorrolation of' the signals is improved its the time delay increases. On thle other
hiand, as the time delay and the number of channels increase, the potential tImle
for thle vibration control systemi to sense a change In level also increases. This
problem Is primarily of' importance during the process of' Initial equalization atnd
coming up to full test level and can be minimized by chaniging the master gain

TRANSDUCER, TIME DELAY 1 MIXER ANALYZER
SIGNALS. T(AUH

Fig. 4-7 Power averuging (it' riindwi signuis by time ddlay
* ~(dicorr Outlet: metthod),

* contr-ol and the equalizer settings Son teWh at more1' Slowly thant UusalI to alloW 1`0r
the "SlUggiSheSS 0'~ of1 tesysteml.

The time delay required to achieve adequate decorrelation is lnot easy to
determine analytically since the error in spectral density of' thle power average

S signal is It function of (1) thle number of signals, (2) the center frequency of the
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nicasureneint, (3) the bandwidth of the measurement, and (4) tile relative magni-
tudes of the individual signals. For a given time delay, the error is smaller as
items I through 4 increase, or cotnversely, larger time delays are required as they

* decrease. Clearly the low-frequency end of the test spectrum is governing since
items 2, 3, and generally 4 will be minimum at this point.

The results of an empirical evaluation of the adequacy of the tape delay
method are shown in Figs. 4.8 and 4,1), The data were obtained duringidentical
random vibration tests of five missiles in which two accelerometer signals were

power-averaged by using a tape delay of 200 msets, The spectral density values
were obtained using a 10-percent bandwidth analysis system [II and 30-seu data
sainple lengths, i.e., 30-see intepratfun times. It Is important to note that, except
for the 200-.rset delay, the same 30.see sample of each signal was used in each
case, The three curves of Fig. 4.8 represent the maximum, mean, and nmininum
values, in each analysis bandwidth',' of the ratio of the spectral density of the
power-averaged signal to the mean of the spectral densities of the two signals
from which it was forned, L.e., the true power average. The three curves of Fig.
4-9 represent the maximum, mean, and minimnum values in each analysis band-
width of the ratio of the spectral densities of the two individual signals, illustrat-
ing that the curves of Fig. 4-8 were obtained over a wide range of relative
magnitudes. Except for the first five bandwidths, from 19.6 to 34.7 Hz, the
curves of Fig. 4.8 Indicate the adequacy of the 200-rnsec delay. The 200-msec
time delay represents delays of 4, 5, and 6 cycles in the first, third, and fifth
channels, and delays of 4-1/2, 5-1/2, and 6-1/2 cycles in the second, fourth, and
sixth cycles, respectively, The effects of reinforcing and canceling in the odd and
even channels respectively due to inadequate time delay are evident.

""lhe two curves of Fig. 4-10 are of the same ratio as those of Fig. 4-8 using
the data from one of the five tests, One curve used a 200-resec delay as before,
the second used a 400-msec delay. The improvement with longer delay is evi-
dent. Since random vibration equalizer/analyzer filters in this frequency range
employ a bandwidth of at least 10 Hz, rather than the 2- to 4-Hz bandwidth in
Figs. 4.8 through 4-10, it appears that 200 msec is generally adequate for power
averaging, If greater delay is desired, either of two approaches can be used:

1. If one of the newer, wideband FM tape recorders Is available, the tape
speed may be reduced to 7,5 ips while maintaining the response to 2500 Hz. See
Fig. 4.11.

2. If only the older type recorder is available, the double delay method
diagrammed in Fig. 4-12 may be used. It is the less desirable alternative because
two additional tape trucks, which might otherwise be used for data acquisition,
must be committed to lest control.

.,Commutation Method, The second averaging method is shown in Fig. 4-6,
where the individual transducer signals are commutated at an appropriate switch.
ing rate so that the power-averaged signal consists of a series of time segments of
the signals from each transducer. Each segment typically contains several cycles

1:

.. i



VIBRATION E~QUIPMENT RE~QUIREMENTS 121

mu

ULI

-. LAI

-I I
O~tt

L8,>-.

-atz Z

1L J

t'ft

Will

X22*

I~I-:



122 SELLCTION AND MRFORMANCE 01; VIBRATION TESTS

r

-Hal
-coll

ull
L.90

r
too

lp

r-4

Its

'LQJ >--
tea U, E

-'10 Lu -1
-ul Z)
'40

(Y-41.1 LL
:161 C:oil

-0-ot

at

4 LU

, 
L 

Ie

S311IRN30 IVU103dS J0011VU



VIURAION I:qUPMENI RE.QUIREMEINTS 123

lot'

ULI

Ott

.UL9

,too

tC3

ffI I

000

4-

S~IiISN~ 1V~~fl~S ~OOU.V

V: il



124 51-ILECTION AND PLI-:1ORNANCE, O[ VIBRATION TE-'STS

b

SIGNALS 1 OR

FROMP3 -0- 4 4jpý MIXER~

--110TOHU (GAIN OF

FROM PU-0 b 0 -- 01- TO1)

FHCM P11 --0 11 11
12 12

i3 13
14 14

1TO

TEST

CONViS 0L

I ig. 4-1t. I¶k ltlvu ei itig f runlldlli ýiglllk, 11111V deIUiy5 11WIiiO~l.

of' the lowest I'rcquei.Icy it' tile spectrumn. Fig. 4-1 . IS a photo1giiliI 01' 11h OLItputI
ill thie cmmiun tuor C1DMV). Wlne Channel wNithl /.em signal iniput was used orm
illuIstrative pt1r1PO5IC only. Actual use with 0 Zell Signafl W111111d tlas [lie Ilicoicti-
Cali level bly ii tI e crl (.I' (n I)/)I hI'm it In pu iChunnelis. I

*[e Ime maicine of' this type (1t power averaging is shownt in Fig. 4-14. which is it
* plot of' thle ratio ill't ha true p owel ave rage of' I~ou acce Ic' oinc teC signia s to tlet

spec rid density of' thle average r on 11ipt Signal. using I t-porcenlt baltdWidth Lilaly.
Sig. The Foul Signals Welt! thle game US 11hose used fo 1*1-Fg. 2.3, thu0%uitdlctitillg (tie
range of' the signals, whichI wete av eraged, It Cani also be oh sCived tha it slin olki ll
waves do no I avet age onl a menc squ are basis as shown hi the hbt ildwhidd StrIad-
dlintg 60 If/,. A power signal syn theStiZd Inl tINS otlinnC ISc tCuIl ly u noustaUlltl-
ary signal even though each segment is stationar~y. I lowevem, if the ave raging tinie
of, tile control system to Which it is applied Is sufTicientlv long to averdge over
one or more Scans ol' lite comno tutor, the Control System will react its it" a

* ~~stutionary signal with lthe properties of' tilie required l)(ow'Ci-averaged signitl lad
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TAPE RECORDER
CHANNELS

RECORD PLAYBACK~

41
ACCEL 2 2TO R3

SI8 RO12000

FROM Pi 12 -10 TO0R10

FROM P12 13 13
14 14

TEST
CONTROL

Fig. 4-12. I11stantallcoui averagiiig of tikildt)III jignals. Julie delay method
(4OO-nise~c dlay~ at I 5-li% tipe speed)I.

beenl applied. There are two basic constraints onl thle application Of this tech-
nique to random signals. First, if the sampling dwell time is inade too Small, tile
spectral density of the output deviates from the average of the input spectral

* densities. The degree of deviation is inversely proportional to thce minimluiii
* bandwidth of' peaks and notches in the spectral densities of the input signals.

Second, it' the dwell time approaches tile averaging times of the analyzer chanl-
nets, control instability, or "wow," results. See Refs. 87 and 88 for details,

* A practical pproach to the problem is to determine experimientally thle dwell
timec which yiulds marginal control stability and then to reduce it by 10 to 20
percent for test control. Some early commercial versions of the device do itot
provide sufficient dwell adjustment range for the above. It is recommended that

they be modified to permnit settings somewhat greater than 100 insec,
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Pig. 4.13, Typical tine division multiplexor (avetager) output signal with three nonzero
lnput4 and one zero input,

The use of the TDM for averaging poses potential problems ill the per.
formance of any type of random vibration test If the inputs have relative In.
verted polarities or widely differing amplitudes. The only effective remedial

action possible is to correct tile polarity inversion or to use the alternate tape
delay method described above. With inverted inputs either of two types of errors
can occur: (I) notches present in the Inputs fial to appear In the output. or (2)

peaks in the inputs are reduced in amplitude and spread over a wider bandwidth
in tile output, On the basis of limited empirical tests these effects appear to he

pronounced at lower frequencies: however, it is suspected that the effects can

occur at any frequency within the normal test range. Varying the TDM dwell
time T has no perceptible effect on the first type of error but, with increasing T,

the degree of frequency spreading is reduced somewhat for peaks. Figures 4-15

through 4.17 illustrate a typical notch error, they are I0-percent bandwidth
analyses of actual test data where, because of test fixture configuration, one pair

of control accelerometers was physically oriented 1800 opposed to the other

pair, The immutable operation of one of Murphy's laws also contrived alternate

connections of one of each pah to TDM input channels I through 4, Figure 4-15

shows plots of the analysis of the TDM output and the computed average of the

four Input spectra (the latter are plotted in Fig. 4-16). Test control was, of

course, based on the TDM output signal and resulted in alt.iost 5-dB undcrtest in

the equalizing channel centered at about 36 liz (which was approxihmately the

resonant frequency of an isolation-mounted element of the test item). As a fintal

check, the taped individual signals were played back into the TDM with alternate

channels reinver!ed and the TDM output analyzed. The result is plotted in Fig.

4-17 along with the computed average of the four inpuL spectra.

A..
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Relative animol itode d iffe rence s b~etween aidjacent channelc s (withou (tilltVCisod
signtal i~olarities) also cause test errors. These criors are not extrunict butt the
problem should be recognized, since they are syStemai~tiL, they u"1117 With Only
moderately large amplitude differences, and there ui no obvious mecans for their
cur-action during testing. Thc effect of' error In thle TDM output Is to cause an
Increase in spectral content at lower frequencies followed by a gradual rolloff
with Increusing frequency. Thie effect Is illustrated In Fig, 4-18 which Shows
plots of' TDM output and the computed average Of four Inputs (tie latter are
shown~ inl Fig. 4.19). The alternate inputs differed by a factor of 100 fin spectral
density and the output error ranged from about 4- I dBli nar 33 Ulz to nearly -3
dB at 2o50 liz. A dwell time of' 100 nisec (niormnal fom random) was uscdý
however, varying it between 50 and 200 itisec had no significant effect on the
reslts. Figures 4.20 and 4.2 1 simIlarly show the effect for inputs ditffering by a
factor of' ten. The approximate output orrol ranged front +0.0 dBi at 44 liz to
-1 .5 dlB at 2050 lIz. The plot of Fig. 4-22, which shows analyses of' the TDM
output for four identical, nearly flat inputs and tue computed avcrage of the
inputs, demonstrates that tile TINM has not Inherent roll-oft effect.

Test Itemn and Facility Proteetion

Inl the perforunautee of vibrat ion tests, It is always nocessay to pirovide prmice-
tio ii against inadvertenit ave stressing of' t he test object and taoults to thle vi bra-
tion equ ipmtenlt. Both Itforims ofl protect ion are riqu ired since a taul t In t he
facility miay cause test itemt damtage and the test item mnay be overtested without
exceeding facility periomitiaiice hititits. Thle adverse contscquemnces of' test item)
damagt: are obvious, thle u ftc t s of' facility diinnage in termi s of' tosts and test
delays ari- also alt Intport ant tctao o.

Ove 51! essing of. tlie test objecot dite to contIrol factor Scalit oc cuir as at result o~f'
a'Itly of tilie following:

1 instrumntatlltoit C1iomi e.g., Use of iiirctet accielrooietei setisi tivit y.
2. Opera lot eror, ei the r in tmanu al con11trol or ill use Of' automtitat ic control

3. Failure at au~tomlatic control equ ipment.
4. Loss u t signal dute to fail ime anywheric in tite cmiitrolt i anisiulo c sy stciii.
Thle its Iruniciltw itot i error tact or cal ti e mittIittii/ed by pettoinimi nr hide-

pen dent sensitivity ilie k of' all coot rol accelIeromietecrs prior to tcst hy -. se of a i
optical wedgt: (Fig. 4-5) to meiasure displacement while applying sittulsoidal vibr a-
tion at a known frequency 1801 . It Is convenient ito use 0. 1 -iii. peak-to-pecak
inotion which yields I, 3, and 10J g's at 14.0, 24.2. and 44.2 IHlz, respoctihcly.
Tile techniclie is particularly valtuable whtere tlte check canl he itiade sit a fairly
high level before installting tlie test Iteni. I-lowevet. evein whten the chteck must be
miade at a low level, gross errors call be detected.
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T~o prevent damiage from t the other potentlital (aults, a comfinhnat ion of' thiree
h asic tech nliqo es is reconin nendel pa ~I-I tell III n-y when the (Cst item value is high.

1.Use of" an a~c eciat 1)0 thresh old limiting device, om G-hl iter I XQ I 'I hie
threshold is adjuistable to a predeterminied level and the device shorts thle input
to remove final stage power from the power amplifier whecnever thle control
signal exceeds thle preset level.

2. Usc of' a device (the "1no-Silgnal" deteCtor) Which 1110nlturs thle control
signal and pert'orms the same protective functions when lossvof signal Is detected,

3. Use of' a manual abort switch by the test engineer or other person able to
detect abnormaldities by vsisual and/or aural muniforing of' test performance. Thle
samne protective functions can be initiated by the abort switch.

The electronic power amplifiers used to drivu today's vibration exelters usu.
ally have incorporated In their design devices which sense over. and undervolt,
ages, excess currwits, overtemperatures, coolatnt flow, etc., Lind shut down opera.
tions to prevent or Itinlt internal damage when abnourmal conditions are
detected. Most ot' the faults so protected against do not constitute a threat to
the test article. I lowever, bec~ause of' its required iarge power handling capacity.
the Output stage does lave a potential f'or serious damnage to both thle vibrator
airmauture and test object. F~or example, the occurrence of, a short between the
grid ando plate of' an output tube could impress upon the armature an extreme
accelerating force, resulting fin catastrophic velocity and displacmnent. This
could occur despite operation ot' overdurrent relays and removal of' power
because of' the, large alloli lt of' energy stored in thle filter of' thme high voltage
supply. Frorn the early days of' random vibration testing, before this potential
was. recogniz~ed, one of, the authors haS anl all-too-vivid mlemotry of' all occurrence
of' lust such a tault which lelt all armature dangling hy one flexure In midatirF above the shaker case. It has become common practice to use what Is called an
armature protector to guard against potentially cattastrophic f'aults [901 . The
devices rely onl thle very fast operation (f' gas switching tubes (thyratrons or
ignit roll-s, popularly called crowbar tubes for this use) which u~sually perf'orm
two to nc'tlons; (1) shorting thle high voltauge supply to ground to remove thle
drive enuergy source and (2) shorting tile input windings of' the output tyalls-
f ormfer to provide clectrodynaniic brakinig of' thle armature fr-om thle back-elnl
generated by it as it moves thlrough thle. shaker magnetic field. The triggering
Funolction may he derived by sensing excessive velocity, acceleration, return cutr*
rent, or displace ment, althiiou gh the tatter is of' doubtfuLl value sluiec Its occu r-
meice usually will be too late III tile clillill o~f'events to permitI eff'ective remiedial
action.

The need for tuse of' armature protection unfortunately ocreates aiiotiier prOb.
* loam with respect to the safty of' the test arileiaIu of, thle device mlay

result in overstre~ssing of' the test object. This prniilen, catl be alleviated by thle
application of an electiodynainic braking technique described by Cook 19 11
I lowever, the potentliil problem reiniforcs the neced Cor tl~e test Item protective
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techniques described earlier, in order to prevent externally imposed conditions
which might trigger the arniature protector.

lest it"ni protective tcchniques, it' applied properly, must complicate and
thus increase test costs, This follows from the need for some form of confidence
check of satisfactory performance of each function just prior to test; otherwise,
one may be relying on nonexistent protection. For this reason, the requiroment
for and the degree of protection should be evaluated carefully with respect to
the value of the test item,

Equipment Calibration and Alignment

Regardless of all other precautions taken, test performance can be no better
than the quality of the instrumentation used. Standard monitoring equipment
such as voltmeters, comnters. etc., are usually subject to periodic calibration and
certification checks, use of such equipment beyond the calibration period should
be avoided. Transducer calibation requires specialized equipment and teeh-
niques not available in many test laboratories [79,92-t95], Gross changes in
sensitivity between calibration and test use will be detected if the optical check
recommnended in the previous section has been made. Alignment instructions
should be followed carefully for specialized equipmnIt such as tracking filters
and random vibration equallzer/analyzer systems.

1.



CHAPTER 5
TEST PERFORMANCE AND CONTROL

With the exception of an introductory section on control techniques and
equipment functions, the material In this chapter is arranged by types of tests,
The r6ader is referred to Chapter 4 for test performance considerations which
are generally applicable to all tests,

5.1 Programming and Control

Control Techniques

Selection of an uppiopritme method for programming avd control of vibration
levels f"- any given test will depend upon a combination of factors, examples of
which a 0

1. ', ne simulation requirements discussed hI previous chapters.
2. the purpose of the test.
3. Number of control transducers required (often, but not always, a function

of test object size).
4. Data requirements. For exaiiiple. for a simple resonance search or trans-

missibility measurement, precision of control may be less Important than data
accuracy.

5. Availability of contro U equipment. Probably more compromises of' chofice
stem from this than any other factor.

The Itchnit!ie choseli may range ho in sit pie man ual control based oln a
single transducei to complex automlatic control based on multiphv transducers
and the use of signal selection or averaging. Detailed factors to be considered In
the selection of methods of control for vUario us florms of vibration and counbinta.
tluous of' cciii llentlit are Prosensted in later sections of' this chapter deaiing with
each formi of test.

Basic Equipment Functions

For aily form of vi blation test, there may be defined three basic catego;ies of
equipment functions external to, and used to control, the power amplifier-shaker
combination (see Fig. 5.1 ). They are

C . Control (A). This includes moniloring functions and gain controls (both
manual and automatic) as well as file exultation source.

2. Control siginal generation (1i). Included are transducers and the cannected
Cequipnleinl required tt) conveit their output signals to a forni compatIble with

Jr tihe control equipmont. of
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CATEGORY A CONTROL

EX. SINE SERVO
nV EQUALIZER- ANALYZER
CRO, VTV\
LINE AMPLIFIER
G-LIMITFR
NO.SIGNAL DETECTOR (NSD)

"DATA
ACGUISITION

CATEGORY C - CONTHOL
SIGNAL CONG TIONINJ

EX- AVERAGER
SIGNAL SELECTOR
LEVEL P1GOGRAMMER
TRACKING FILTER

E+ DATA
T • ACQUISITI O\

CATEGORY L . CONTROL
SIGNAL GENERATION

Ex: rRANSDIICERS
CHARGE AMPLIF'"RS

AMPLIFIER v

Fig. 5-i. IaISit ' !gotuius of eqI upm'nt f'IICtIh s ktI•d for
(ust cmontiotl.

II .
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3. Control signal conditioning (C). This category Includes functions such as
signal selection, averaging, filtering, and level programming.

In the discussion of specific forms of tests In following sections there will be
found repeated references to servo time constants. For the reader who may be
unfamiliar with servo (automatic control) equipment, a brief explanation is In
order, In a servo, the vibration excitation signal Is fed through a varlable-galn
amplifier, The amplifier gain Is controlled by an error signal which Is generated
by comparing the detected and smoothed control (feedback) signal to an adjusta-
ble dc reference voltage, The rapidity with which the servo can respond to, and
corfoct for, changes in the control signal is determined by the servo time
constant, This Is a composite of time delays in the system, but the chief
contributor Is the detector awraging circuit, Both manual and automatic changes
in servo rate are affected by varying the detector time constant. There are major
differences between servo functions for sinusolual and random testing,

1, Sinusoldal, The manual servo rate adjustment (usually designated as com-
pression speed) is al operator control but the detector averaging time also Is
varied automatically as u function of freqtiency while sweephr3,

2, Random. Both servo rate-determining and detector averaging times are
fixed for euch frequency channel. The "high" and "low" damping modes, with
which sonic readers may be familiar, affect only the readout meters and not the
feedback signals.

5.2 Sinusoidal Tests

The material In this section is restricted to what Is commonly called the
siniple sinusoldal vibration test (which often turns out to be not nearly as simple
as we would like), with the excitation derived from a single oscillator. It is
conventent to identify three general types: (I) swept, (2) resonance search, and
(3) dwell. A distinction Is made between the first two because equipment and
techniques used can differ widely.

Swept

Modern practice revolves around the use of cycling oscillators, electronic
servo.controllers, and other automatic programming equlipment. However, It is
wordt noting that eveii the most complicated test can be performed by substi-
tuting operator skill fot one or more of these functions and breaking up the test
into partial sweeps more amenable to manual control. The major virtue of the
use of automatic, equipment lies in reduced test time and the nominal capacity
fur precision of control and replication of test parameters from sweep to sweep.
The tfrm nominal is used advisedly, since the potential advantages of such
equipment are not ;dwvuys realized In practice.

The sweot sine tesl may take any of several forms, These range from constant
acceleration vs fiequesicy to complex schedule3 of displacement, velocity, and

i ~.1a
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aCCelerationl VS frequenCY. Eachi may In complicated furthecr by u req uiremem
foi Ititering 111C teCCIibiek signal 1961 Ill Mrdr to C011trol th(lvel ofC ( thlt
fundamental where resonances create distorfluný by requiring that control be
bused upon the alteinuiatve selection of une of several transducer sigmitls, deliend-
ing upon their relative amplitudes; or by rcqulrliitg the use of the averaged ou1tput
of several transducers us the control signal.

Swept, Unfiltered. The simplest form requires only mulintcnanc of constant
acceleration vs frequency, It' servocontrol is used (Fig. 5.2), the servo time
constant aidjustment must be euompatible, with sweep) rate selection (refer. to
pp. 57-60 for seleciion criteria). The optimum time constant cunnot bc

edoetrmined since it will depend onl both sweep rate and the response clturutc-
teristics of the test muss and the vibration systetm. It should lie noted that the
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tcquircd timec constant is anl nvers( function of sweep rate and sharpness of
resonances 01nCOUn~tcrd , antd that the performiance characteristics of' tile avail-
able bservo systmn may require ;, compromise of' sweep rate selection (lip.
57-o0).

Blelow some relatively low frequpency, it Is often necessary to make transitton
of control front constant acecletutlon to constant displacement. This is, of
course, a fortm of level prograniming but Is not treated as a category C function
because for many years sine servocontrol systems have provided a built-in
capability for performing thle fdrnction. It is commonly achieved by using a dc
analog of frequency to switch control fromt thc acceleration signal to a displace-
mlent signal. The latter is usually derivcd through double Integration of the
accelcration signal but may. in ioust servc ,, be generated alternatively by single
integration of' thle Output Of a Velocity transduce!r. In some latut servos, control
switching is effected by use of a signal comparator which transfers control to tihe
larger of thle two signals.

Swept, Filtered. Thle functional diagram for this test Is shown lIn Fig. 5.3.
The introduction of thle tracking filter Into the feedback loop) complicates the
selection of' sweep) rate and servo time conistant. This is because there is a delay
between the tilme of change of in put signal amplitude and the ltime thle filter
outpUt responds to the change. The atmount of' delay is alt Inverse fuintion ot
filter Landwidth. Since this is anl added delay in the servo feedback loop, for at
given sweep rate and filter bantdwidth there is a limitted permissible range of
adjust menit lbr thle ,e rvo0 timec constanit which will rcsult itt good test pennrtorm
ance. Ideally, thre process of defining test requiremsents wculd lake accitorit of
this factor. Since thiks requires a fairly detailkd knowledge of tire characteristics
of' the actual equipmuent to be used, it is rarely possible to do mtore than
Provide Sontie lat ituade in test retu irc me tts which will permint effecting ricason*
able solutions to the Inevitable problemns that will arisce. The problems canl be
nrinimtuied, however. hy specifyingf the lowest sweep rate and widest filter
bandwidth comspat ible whit test objectives and cost Ilimtitations.

Level P'rogramtminsg. This refers to the fairly common practice of pccifying a
sweep) wletctc at intermediate freqoency points, a citatge in vibration amnplitude
is requirý-d. V.arious combitnations ot'displacement and accelet ation vs frequency
may be specificdý rarely, there may be at requiremnent for coa trol of velocity. lin
the latter Case, it is usually necessary to pe'rforml thle sweep piecewisc, 1111ce
automtatic eqluipmentt to effect the required control transitiont does not appear* to
he available comnieirically. Where the required transitions are limited to displace-
mnent and acceleration, it is occasiovally necessary to hreak up the sweep itnto
combinations of displacement followed by sequential acceleration level changes
because many available servo-conttrollers call handle only a displacenittnt sched-
tile followed by acceleration schedules. A typical curve detitintg vibration
amplituode as a func14tionl of' frequenC1cy is depicted hi Fig. 5-4.
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11g. 5-4. lylhicul lost requirwiiunts, swept tiniiiuldal
With lleve programmillngý

The application of' levul programinnlg is shuwn schemaltically in Fig. 5-5 for
Lon unfiltered sweep and in Fig. 5 .6 for a filtered sweep. 'fhe level programmer is
a devicc which contains aevoral switchabic channels, the gains of which canl be
vurlcd. The frequency at which switching occurs Is set by tdjusting a dL
threshold v'oltage In cach channel to cc~rrespond to [lhe dc analog of the
frequoncy at which LJChI level transition is desired. There is commercial equip-
nietit available which Jiows the switching freqc(LCIieS W r he prep rograninted
with a conductive ink chart unl a curve follower.

Fur unfiltered low-level sweeps, there may be a problem of spuirlaus triggering
of the G-linilter due to channel switching transicnts, which in sonme level
progra miniers are un1comifortably hligh. flowever, ju~diciouLs low-puss f'iltering Of
thle G -limiter input Imili~i i~ies thle probiemi. For RIltericd swee ps, an additional
Constraint is im1posed OIL thle selection of sweep rate, servo time constant, and
filter bandwidth. The degree of constraint depends onl the mnignitudeý of levc'
change, tite direction of change and switching speed, and their impact onl thle
performance of the specific tracking f'ilter and servo combination used. Hence,
this factor can only bc noted as a potential problem requiring emlpirical solution

* during test performance.
* ~Signal Selection, Thec applcation of signal selection is diagrtminied In Fig. 5-.7

for the unfiltered sweep. Must conmnercial vctrsions of the signail selectot contain
a combination of switching logic anmd adjustable threshold levels in each channel

* which cause transfer of cotitrol to whichever accc laratiun signal has, at the
moment, risen to the preset level for Its channel. A few such devices also provide
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anl altCrna~tiVC operating nio0de ini which channel select ion Is based upon mnini-
mlu in rather than niaxitinum signal levels. Tihis is I 'cessnry inl order to m1cci one
of' thc rccquifcmcints of' MIL-STD-8 I LI, M'.ýthod 5 14, Pawa. 5.4. Switching tian-
slents mnay cause spurious triggering Of' tile G-llm1iter- b ut, hecre again, tilec problem
call be minimfiized by adequate low-pass filtering or its Input, However, If selector
Switching IS not SynlChronlized Well cnIOL8h to limilt the duration of signal
dropouts to a value somewhat iess than the luss-uf-signal detector (NSD) aver-
aging delay or thle servo timec constant (whichever is smaller), either thle test will
bc aborted by the NSIJ or control instability will result.

For thle filtered sweep with signal selection (Fig. .`8), iii addition to the
potential problems cited above, the sweep rate/riltel bandwidth fimitations

* discussed on p. 143 must be considered.
* Averaging. A schemantic representation of test control employing averaging is

shown in Fig. 5-7 fur an unfl~tered sweep. Early versions of' the averager required
* detection ut eachi acceleration signai before averaging In order to avoid phase

cancellation effects. Such devices could be used only for very slow sweeps
becautse of' the timie required for the detection process. The present-day tiverager
avoids thils problem by commnutating the acceleration signals and averaging the
resulting coIniposit e oult puLt conlsiSting Of' Seq ue litI1 UI a sam p les Of each slignal.
For tile utrihtered sweep), thle rate of commnutation of' the signal Is synchrontized
with thie sweep) frequency so that eaci stuccessive salitlle contains anl eqUal
number of periods (usually one). Thlus, regardless of' relative signal alllplitudes
and phase, the detected and Smtoothied output iIs proportional to tile true average
(871,

Wiln thIls technliqule Is applied to the filtered sweep (Fig. 5-8), op~erationtal
comlpromlises are required due to thle effects of filter bandwidth and cotlltilota-
tioll dwell titme onl servo tithe cotnstlant optimlizaltion. Sweep rate selectlonl, of
Coourse,* is alfrec ted also. LimIlit s arc imtiposed oil thle ratio0 Of SClV rvo 11 tieCoilstallt to
dwell t i te, o11 the p roduIc t of filter blandlwid th , tld dwell tlittle), Oldoid tilte. sweep)
rate which tnlay be usedý see Ref. 87 and Section 4.3, page 11i7 for details.
Sonic latitude in sweep rate selection can be gained by switchintg filter
balldwid th and timec contst ant at h ighier fre OCliCi s, b ille CCLIlil lltli St st p azid
Operation arc complicated cotlsidierably. It accelerometer polarities are opposed,
special precautions are required (see Section 4.3, page 126), The cited
problenis can be avoided largely by using a tracking filter in cachi signal
channel preceding the averager, but Such eqoliplluetlt is eXpenlsive dild test 80tl~l)
comltpexity is not reduced significanltly.

Level Programming with Selection or Averaging, Test conitrol e Anployling level
p rogramttiing w itht signlal selection lIr ave raging is diagrainied in Fig. 5-.1) for the
unifiltered sweep). Except for increased test setupl conitplexity, poteniitla problemts
remain essenlitalily tilie Sallie as iii se already cited for applic atloll of thle in dividu-

* al ruillctivllsý i.e.. possible adverse cOtIseqILeIlOcS of Switching transilents.
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For th 1w flt ered sweep with level prog ramin m g and ,,igruaI selecthion (Fig.
5-10). [lie hicreased test setup complexity blecomles t signil'icalit factor. Filqiip.

mlent inteltaction problems ;ic about tile samte as those noted hetof le hri the
Individuial applications. Hlowever, for tiw filtered sweet) Witli level progratmotining
and aiveraging (FHg. 5-10), the problems ol' Selecting Sweet) rate, servo tittle
constanit, filter bandwidth, and averager dwell Little tire compounded., The
Interactions between uvcrager, trucking filter, level prograninier antd ser-vo Litt
too comnp lex to b cp re deli ned, Since It Is likely to] be ext rao rdminuiiy difficulIt Iit
performi, the decision to speclfy this test should bie tbased tipon critical exatniuLt'a
tioti of all possible alternatives.

Resonance Search

As hits beett notedI li Section 3.2. tie tesoniance Search test Is pr-iniarIily [I

prelimina tury to thie pe rfu rilanlC oft a resona tICe dwell test butl IS coot it tonly iiS'!Ld
also for de t ermin ing t ransmiissibll Iit ies It Is cot venie it to use se rv ocoit tro I to
maInalla in the con stanit acce lertIiott inpt pitt to h le test Ite Lito t tacit t ieu It p Iitt
chosen as a rfenct e 'IIL. The usulI MMCO prctc. Li tort ut a tely. IS is to m ploy tile
onfl~te red swcep which tidly olftc i yield n iisle ad ing resulIts. Il rst, at maty
resonances theiet Is likely it, be con side rable harmonic distortionl In lie contolltu
Slgulll sin1ce thle serVO Will operaI'te otl thle compIosIte! signal, tile IlpUt ait tite
coot rol frequtency miay he conside rably i itwer than nomlinaul. Se contd, a resomittlce
will respond differently to a raplidly' Varying i11111t atophitti1de a1tilie ecictationi
trequte ncy t ha ii it W o~ ii 'I thle in pu ~t weric kept consi an 1ittTiid, If, as is comt-
mu iuly the case, e stimaitt on of pealk responISes Is basedI Ott read ing osei iiogi~t iphItc
traces, a resontuttee mit% be de 1,111 ned s sgo i fic ant at Som tic t'rcte itcy . wherie ai

miaj or port ion o1f thle response Is at SO ItIC 1111,11 tille Oft that treq Lie It CC . Tile
response Wheii(the sweepl rectieis tile lattter frequtency is likely aliso) to he defi neil
as. significanit. Thent sulbseqtllCtt pertoi'Miat11ce! Of tile dwellI test tit the two

re uite IC)Os wilt eflicet ively dwell at til e Nattte re sot atice twice. Cottseq uoittIy, tile
Ilse otf t ile filt eredl sweepI (see F'ig. 5-3)1 is reccomtmtii'ndled I'm t est oan cc sea rch

testinig. Re:;pottse diat amutst tic itlie recorded for subseuiiteit playback thtrough a
tlackintg filter for tile getteratimoi oft oscit logratiltl r1I ecords or0 use InI mvtititaing

resonant responses. Ret'cr to tite discussion onl p. 143 for test performnctne factors
to be considered.

Occasi ontally tile use of response Lie ele otie t CI rs to tctC rC!onaIICS csIttoS t be
supple menitted by antothter techliiiqulei because tilie test itCI Ce111 ct t 1tt be inISt It-
mented adequately. If' tile structure oft tile tutu cart be noinniored visually, tlie

* strobotscope is use ftit be low 3010 ito 400 liiZ., 1 tillol it titig lers tile 100 trcql I'CIt CliC ls
* requlires disabling thle otscillatotr sweep drive utti tmaintal ven lriiclladistmtent Itit'

tile trequILCItey to detertitict thle poitntt 01' llit.\ittitttii reSpotisC. Stow-10titO Iot
szritbscitpic piltotograplty L761 m tay be useid as tt dil dittotiul IiiagttttI0 IC toot.
I lanld-hulteI probes are somtrim ues uised biutI. sinice cead it gs obtaLitnted arc VairiaLible

- ----- - ....
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and they am, ditficulti to apply Wvithtout loadilng thle s' ruicture kinder. eiiltinat loll

An hac. bcoil noted earlier inl tile niasrtetl oftUnSIlissibi II ties, precisiolo
of cont rol of the innut is less Important than data accuracy. rhts, it is not
sittelly necessary to kisc thle 1iltero-J Sweet) b";r this purpose If' the Control and

*respotmc data arcieocorded Carct' olly Olt InlagnthO tape., llow?-VCe, thle Overall timei
for test perforniunec and data analysis Canl be I duIced If a filtered sweep IS Used,
[or details refer to Section 6.3.

Resonance Dwell

*lthc port'.)tittati of tltis test is relatively st raigltforwaid , Slttce contsiderable
Liwell tine u sitally Is ruirLIIIed at Ceah rcsott aneec it is klc si rab Ic it U Ise SC rvOCon1.
tio t) Ii n so r' maintet tatte of [ he d si ted input level regard less of atItenltkion S111111

dcfl Icincles, k:.t'the ol%=!(rtr The decision as to Whctld'eI thle con~tol signal should
be ftlte red or. Until terted Is. eastly ntlalIcý if lute rings u Ised InI tile rosoltan ce sciulir
It gliiiuld he used 1114L, for thle dwell test atnd vice vulsa. llosuveve, (ihe erffet ot,
Ill crIog cati lie ulptotIi~mu ted it' thle tofiltered Ini pot level Ita- b~een lugged d urintg
the flltwied swoep scarult and is duplicated inI the dwell test,

D rlitt thle Mvuwll uLImmtiatOited fatigue 0YCISe c s i the lo(uSQiIi ig of IStructure
tlll-Ilml etusa graud at Chi111, III dinit resonuatit Freq ti tcy. This fact'.'r 111y lbe takeni
Int I c;,o-mtt by pe rh di mt c aijVisIIO t of tlie frcquten icy I I ia~lmte t1wh response.
Such ad i 'il clt t ttoy bo e ftec ted mnia0 I llyý as ar oivn-t t at iv , ccin:i e relal

ii111)101 p i ti ti1Va~hIable whiCkI tracks :hie ro'sotinatt fre LICi> a' ul titumaitcuLIIy.

5.3 Sinusoidal aid Ra'idum Tests

theise Itest require ten Is% Were fir st evolved I)hefit r tl Ike dVeiOpIteIIIU tf ti11lte
irtickiig Ill tc iid thec ati I , it titic eqtia Iizer. Contsequlenlt ly , curly test techniquetttis
Involved separate, prel Iiiuary tebst for sit usoidal and wiandoiti muotitn Lintd tilie ulse
Lit' It tw'.'-taek mtagimtte tap'.' :ocord.,r and electroniti mtixci for plogtiilmiitg tho
act utd tost. Wilit11 tu ~e iilvc of ~uicki g Oilters tuilt[ autoimatic eqtmaii?.rM, test
flerfurtilliii.c hecat tie sliltiv)k1" ad11c til( ess tjilii coltstting.

Tape Programiming

This Mtethodnt requires a In p~~tjirocitdure tIllt ;t vt d sclminallcolly ill Fig.
5.1 1. U~sing servo coot rot timd tile spt.iffed swelt ritte, a prallmtinarY -,,ee1 ' Is
ruti1 While recording onl intigetic 111110 tix restlillig woki'.fled 11it1p.t to) Jhi0 IIOWO
aniplitiuri. A separate piclimoinary test is th en pertittite1ol to equli:z/o o1'c. thle
randoiti lint ioný Whein saItisttictory resutl s are achlieved. the cqmi.lhzc-d inpu toI
tile power aitplificir is recorded on a second track ol" (lie tap'. rCcorder t.irlte
requIred test diuration (plairttlleli til Ite tVIOLISly reCLORIdet SineC SWeep). Oit tile
act tal test, (the tutpe recor diitg% arc played hack through a miixer 11th, tile pLower
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FIS. 5-11. Sinusoldol plus random, test, tape~ programming method: (u) prerecordilng
cullalized Nine sweep excitation, (b) prerecordIng equialized random excitation, and
(c) tost performance,

amiplifier. Separate guain controls arc us.;d in each mixer channel to pcrmlit
adjustment of' the relative levels of the sine and random outputs.

There are two major disadvantages to this test procedure. First, in order to
uvoid pretest damage to (lhe test itemn, It is desirahle to perform the preliminary
tests using a second test Itemn or u very good dynamnic model, so that equalizing
may be done at actual test levels, However, thle mechanical fit of' the test item
anld fixture will usually vary enough From model to muodel (because of tolerances
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and variation In fa ste ner torquiing) so that the test mass response in anl actual test
will differ fromt that obtained diriing prel ininary tests. If tihe second test ielin Is
not available, preliminary equalizing must be done at U reduced level. The actual
test levels are then also likely to vary unpredictably from those desired, Tile
degree of uncertainty depends upon how nonlinear the,lest mass is. Second, the
procedure Is time consitming and requires uncommon expertise on thie part of
the operator.

It Is possible to program the sinusoldal level and to use averaging for both
sinusoldal and random. The three-step procedure Is shown schenautically in Fig.
5-12. The constraints noted In Section 5,2 are applicable.

Tracking Filter Method

The tracking filter used for the Ainusoidul.ralndot tlest provides two outputs.
One is the normal narrowband flitered output which is used as the foedback
signal to the servo, Tile second output Is derived from circuitry which provides
narruwband rejection at the slnusoidal 'requiency; it Is used as the feedback
signal to the randoin equllz.er. Pig. 5.13 dIagramis this test setup. I Is desirable
to use a filter as narrow as possible and a correspondingly long sweep thime to
Insuire sinusoldil control at the required level. This results from the fact that
servocojntrol is based upon a composite In the t'ilter output of the sinusoIdal
signal plus the random sigtial passed by the tiller. As fillter bandwidth and
undesired rndomn signal ticretso, servo action reduces the shlusoldal amplitude,
resulting li a degree of undertest fIm the sinusoidal portion. The effect may be
colmpensaited t'm by arltifcially increasi nhg lhe sinusoldal control level, but
explaining the resulting test data records is a particularly frustrating task.

Level prograrming may be applied to the sinusoldal portion and averaging
may be applied to both, providing that the precautions In Section 4.3 (pp. 116-
131) are observed. Fig. 5-14 illustrates this schematically. A constraint is added
to those cited in Section 5.2 (p. 143) if averaging is used because optimum
sampling dwell time considerations are different for sinusoidal and randomn
signals. See Ref. 87 for further information.

5.4 Random Vibration Tests

Random Vibration Averaging

Where the control of a randomn vibration test is to be based on the average of
multiple accelerometers, two methods are available. The signal coninutating, or
multiplexing, device or the magnetic tape delay technique discussed in Section
4.3 (pp. 118-131) may be used. However, if the former is used, special precau-
tions must be obstrvod, as described in the cited section.
Broadband Random Tests

The first known faltering attemipts to perform random vtbiation tests were
Inmde in 1954, liarly progranming techniques evolved by a few pioneering

S!J
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laboratories were based on the use of audio equalizing networks and hastily
devised peak and notch filters. Control methods ranged from simple broadband
monitoring using a true rnms voltmeter to more sophisticated use of various types
of wave analyzers to permit at least some degree of control of the shape of the
test spectrum, The usual excitation source was an electronic random noise
generator, although some early tests were based on the use of magnetic tapes on
which were recorded actual flight test data,

Commercial development of equipment customized to the task of randomti
vibration testing lud to steady improvement of the art. First to appear were

multiply segmented, adjustable spectrum-shaping networks, and peak and
notch filters with a fairly wide adjustment range for both Q and amplitude. The
user was still left to his own devices for test control. Next to appear were the
ntanual "equalizefs" which consisted of matched fixed-frequency combination
filter arrays: one, which had individual gain controls In each channel, was used
for shaping the test 5pectrum; the other was used for determining the test level
in the passband corresponding to each cqualizli.g channel. Tihese devices repre-
sented an enormous Improvement over earlier methods but equalizing was still
time consuming and usually left the customer with the unhappy conviction that
test item malfunctions would really not have occurred had it not been for its
pretest exposure.

The development of the "automatic equalizer," in which each channel is
servo-conttrolled based upon feedback from the corresponding analyzer channel,
has made the performance of random vibration tests relatively simple. Figures
5.15 and 5.16, respectively, diagram tests with single accelerometer control and

those where control is based upon the averaged output of multiple accelerom.
eters. For the latter case, the factors discussed on pp. 118-131 must be con-
sidered, The equalizing system must compensate for the electromechanical
response characteristics of, and interactions between, the elements of the vibra-
tlion system and the test mass. Since the required compensation at certain
frequencies may often exceed the n'ominal 40-dB dynamic range of an equalizer
in the automatic mode, there is usually provided in each channel an optional
manual mode which adds about 10 dB to Its dynamic range. The automatic
equalizer also has a closed-loop operating mode which permits adjustment of the
operating point of tl. servo in each channel prior to excitation of the vibration
system. As a further precaution against unnecessary pretest exposure of the test
item to vibration, the transition from closed-loop mode to test mode is made
about 20 dB down from the test level, following which the test level may be
increased as rapidly as the servo time constants alih.,w or .as slowly as desired. It is
common practice to increase the level to -10 dB and then pause long enough to
readjust servo operating points before proceeding to the full test level (where
some final servo adjustments are often required).

A recent development for broadband random testing [97-99] Involves the
use of a digital system for excitation and spectrum shaping. The excitation signal
is pseudorandom and is derived from a binary random noise generator; analyses
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of the control signal and spectrum shaping are effected through use uf a special
Fourier processor in conjunction with a small general purpose computer.

In estimating the required capacity of the vibration system It Is usually
necessary to calculate the rms g's, since test levels are ordinarily specified in
terms of acceleratIon spectral density (ga/Hz). For the uniform spectrunm, the
calculation is simple; i.e., it is the square root of the product of spectral density
anld test frequency bandwidth. However, for the shaped spectrum, the process is
a bit more complicated if precision is attempted [100.102] . A useful approxima-
tion can be achieved b . breaking up the sloped portions of the spectrum into

* sufficiently narrow frequency bands. It is deriv-ed by estimating the average
spectral density (PSD) within each band, taking the products of bandwidths and
corresponding PSD's, summing these with the products In the zero slope per.
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tions of the spectrum, and taking the square root of the total. Appendix B
contains fornmulas for precise calculations.

Swept or Stepped Narrowband Random Tests

The reader is referred back to Section 3.5 for the rationale for these tests,
Either the swept or stepped versions are usually combined with broadband
random base excitation but its presence or absence does not affect test imple-
mentation significantly. If the test is based upon equating broadband to narrow-
band cumulative fatigue damage, the base excitation is not required.

Swept Narrowband Random Tests. A typical test method is diagrammed in
Fig. 5-17, The time required for sweeping the filter across Its frequency range is
an inverse function of filter bandwidth; as the bandwidth is decreased, both
filter response time and detection time increase. The filter bandwidth and sweep
rate are constrained also by test item response characteristics. Thc bandwidth
must be great enough and the sweep rate low enough to permit adequate
excitation of each test Item resonance, These problems can be minimized in
practice by switching progressively to wider bandwidth filters as the test fre-
quency range Is traversed upwards. An alternative approach is to use multiple
tracking filters, with eadh one covering only part of the total frequency range.
For Information on other methods see Refs, 59 and 60,

If multiple control accelerometers are required, the methods discussed on
pp, 118-131 may be used. However, the constraints on multiplexing are
magnified due to filter sweeping.

Stepped Narrowband Random Tests. Many of the difficulties of the swept
test are avoided by the use of the stepped narrowband random method, which is
diagrammed in Fig. 5-18. Three tracking filters with dual-filter band-switching
are used to cover the frequency range of 20 to 2000 Hz. Each of the Oix filters
covers a limited frequency range, and the bandwidth of each is approximately 10
percent of its tipper range. The excitation source is a program tape upon which
are prerecorded the outputs and tuning signals of the tracking filters (with noise
source inputs) as they are stepped and band-switched per schedule, During test
performance, the tracking filters are connected in the accelerometer signal
feedback path to servoatnplifiers which operate on the corresponding prere.
corded narrowband sources, Synchronized stepping and bandswitching is ef-
fected by using the prerecorded tuning signals to control the tracking filters.

Sweep rate is eliminated as a factor and, because the dwell time for each step
is made very much greater than filter response time, the latter becomes negli-
gible. The filter bandwidths chosen to cover each part of the test frequency
range allow for adequate excitation of all test item resonances. See Ref. 61 for
further Information.

The averaging techniques described on pp. 118-131 may be used here also for
multiple accelerometer control. For the multiplexing method, additional con-
straints due to filter traverse are minimized by the step dwell time.

-t
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5.5 Complex Waveform Tests

In t11ese tests the forni of excitation is not a simple sinuisoidal function, but
its tirnc history is repetitive, or nearly so. Examples of such test applicationls ure
described in the following paragraphs.
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Reaction-Impulse Tests

Reaction-inipulse tests are performed by using a hybrid reaction type of
shaker which employs articulated eccentric weights (popularly called dlailgers) to
superpose Impulse loading on the reaction fundamental, The end result is a
conglomerate of line spectra spread over a fairly wide frequency range. The
shaker is designed to provide an inexpensive means of simulating purtlally the
effects of random vibration and is used primarily for proof.of-workmanship tests
[20,21].

Test control Is by indirection. The machine is mechanically adjusted to give
the desired output for a specific semi-inert load. For later test use, the load is
hallasted, If necessary, to the total mass for which the shaker was adjusted, and
the test is run (usually uninstrumented) for the desired time. The equipment
must be readjusted periodically to maintain the required output,

Pulsed Excitation Tests

Pulsed excitation is ideally suited to laboratory simulation of the effects of
vibration induced by rapid-fire guns, as has been noted on pp, 99-102. A pulse
train generator is used as the excitation source and its output is fed through a
standard random vibration equalizer (Fig, 5-19). The latter is operated in the
manual mode and is used to adjust the fundamental and harmonic amnplitudes
resulting from the pulse train. Equalizing is performed with random noise with
the target spectral shape being the inverse of the pulse-train line spectrum rolloff as
modified by the relative harmonic amplitudes of the desired test spectrum. If the
equalizer is of the type with dual noise generators feeding alternate tilter
channels, an external noise source must be used. This is necessary to provide anl
equal degree of correlation between signals in the crossover region between
adjacent channels for equalizing and for test performance.

Since the gun-firing rate usually varies above and below noinhial due to
fluctuations in hydraulic pressure and temperature, the ideal approach would be
to sweep the pulso repetition frequency (prf) of the pulse train smoothly across
the expected range of gunfire frequency. However, though sweeping can be
achieved without too great a complication of test performance, the resulting task
of certifying test levels (i.e., analyzing the control data) would be complicated
enormously. A more practical approach is to step the pulse train prf across the
range of firing-rate uncertainty N times, dwelling at each prf for I/N of the total
test time per axis. The number of steps is made large anough so that excitation
frequencies will be no more than I to 1.5 dB down on the response curve for
any test item resonance with a Q of 20 or less witht:i the frequency range of
interest, thus minimizing the chance of omitting damaging prf's.

in the case of airborne equipment, the gunfire.Induced vibration is usually
accompanied by random excitation, In performing the test, it is relatively easy
to provide the latter. Test control Is based upon monitoring the control signal

------------------------------------------...
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and adjusting the gain to maintain the desired rms level, if control is based on
multiple accelerometers, the multiplexing metihod can be used for avwraging, if
the control accelcrometers are not physically oriented so that their signal
polarities are identical, the precautions of Section 4.3 must be observed.

5.6 Response-Limited Tests

For some test structures it may be desirable to modify, the input in order to
limit the muxiinum response at ope or inore points oiv the structure I] . The
basic test methods described in previous sections can bc modified to achieve this
end,

,..
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Sinusoldel

The simplest technique for limiting the response for sintisoldal tests is to use
signal selection and to Include in the selector inputs the signals from the
accelerometers mounted at the points at which limiting Is desired, It Is also
possible to combine control .ccelerometer averaging with response limiting. The
method iL diagrummed in Fig. 5.20, where it will be noted that the output of
the multiplexer Io one of the inputs to the signal selector. However, in the
selector channel used for this purpose, the detector averaging time must be at
least as great as the time required for one full cycle of the multiplexer. if
averaging is used. the servo time constant also should be no less than the cycle
time, or instability is likely to occur whenever the averager channel Is selected;
the maximum sweep rute Is limited by the minimum permissible servo time
constant. If averaging Is not used, filtering may be employed as In Fig. 5-8, It is
recommen ded that averaghig and filtering be avoided.

Random or Pulsed Excitation

In general, response limiting for random or pulsed excitation tests can be
achieved only by iterative excitation of the test item. After each iteration,
recorded accelerometer outputs are analyzed and responses compared to the
input(s) to determine what Input modifications are required. Iterations Uro
started about 10 dB down from the test level to minimize pretest stressing of the
test object. Averaging can be applied but the constraints of Section 4.3 on
pp. 118-131 must ýe observed,

The obvious disadvantage to this technique is the waiting time between itera-
tions while analysis, comparisons, and input adjustment calculations are taking
place, If a high-speed digital analysis system is available, the waiting time can be
reduced to acceptable limits; for further details refer to page 196.

5.7 Multiple Shaker Tests

The earliest application of multiple-point excitation is exemplified by the use
of" small reaction vibrators for structural testing of complete aircraft prior to
World War 11, Multiple excitation over a relatively wide frequency range Is a
teclnique that has been developed In recent years with the advent of high-
performance aircraft and large space vehicles. Since adequate coverage of the
topic is beyond the scope of this monograph, only a few general observations are
presented below- howover, Refs, 5 through 16 contain considerable information
regarding techniques and problems associated with multiple excitation.

The basic difficulties are facility costs dnd the complex problem of test
level control. For sinusoidal testing, for example, both irmplitude atid relative
phase must be controlled at the input points. For random tests, the contLul
problem is reduced somewhat if separate excitation sources and equalizers are
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uE-d, but the equipment cost Is very large. In either case, any significant cross-
cou~pling between excitation points can complicate enormously the problem of
maintaining the desired test level at each paint.



CHAPTER 6
ACQUISITION AND PROCESSING OF TEST DATA

Ll may be generalized that the sole end product of any test is the data resulting
from the test. The measurement of vibration test results against success criteria
must be based upon data falling Into two basic categories: (1) the vibration levels
experienced by the test item at its various points of interest and relations
between these, and (2) the performance of the test item, In the latter case,
criteria may range from simple physical survival to complex fwnctional require.
ments. The material in this chapter is restricted to the recording, processing, and
presentation of data in the first category. The basic assumption is made that the
end aim with respect to these data is to convert them to the form or forms most
suitable to the task of evaluating how well test objectives were met.

Workers directly involved in vibration test performance tend to regard the
handling of vibration test data as a procedure consisting of acquisition and
analysis (the latter term being applied to the entire process of converting the raw
data to its final form of presentation), However, as a concession to the dynam.
icist, who reserves the term analysis for the cerebral processes applied to the end
result of data processing or data reduction by the test laboratory, the basic data
functions covered here are defined as acquisition, processing, and presentation.

A very complete discussion of the acquisition, processing, and presentation of
vibration data would go far beyond the needs of this monograph, and the reader
should refer to Refs. 25, 32, 33, 56, and 103, for example, for more detailed
discussions. The discussion herein will be confined to that necessary for an
understanding of the requirements fur acquiring, processing, and presenting data
from laboratory vibration tests. These requirements are much less stringent than
those for the acquisition and processing of data from field measurements for two

basic reasons: First, the vibration levels are generally either known or can be
accurately estimated before test. Second, the statistical characteristics of the
data are known, i.e., sinusoidal, complex or random, Gaussian, stationary, etc.,
so that simplified procedures for editing and processing can be employed.

6.1 Data Acquisition

In the sense used here, acquisition is a combination of signal conditioning and
recording functions. Conditioning is defined as the modification applied to
analog signals to convert them to a form that can be recorded and translated
correctly into engineering units for the parameters represented. Recording may
be done on magnetic or oscillographic media or it can be as simple as meter
reading and hand logging of the readings by an operator. It is obvious thai the
utility of the recorded data can be impaired seriously by errors in conditioning.

171
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The value of the recorded data depends also unon the ability to correlate it
with specified test levels and test item performance phenomena. Aside from the
obvious requirement to annotate records witio information such as vibration axis,

Ir:,sducer location and orientation, -- ,,sitivity, scale factor, etc., means should
be provided for relating the data to timne or frequency.

Signal Conditioning Factors

Two assumptionrs are made with respect to the control and monitoring
Instrumentation: (1) that the transducers have been calibrated properly and (2)
that the required corresponding sensitivity settings have been made correctly for
each transducer amplifier. The resulting signals (for accelerometers) will usually
havc a sensitivity of 10 mV/g. If oscillographic recording is required, power
amplification is necessary to provide sufficient current to drive the galva-
nonmeters and to match their impedance. If magnetic tape recording is required,
voltage amplification is usually necessary to obtain a satisfactory signal.to.noise
ratio for later data processing.

Much of the signal conditioning equipment developed in recent years in-
cludes, in addition to a fixed 10 mV/g (often called the servo) output and a
meter indicating the g level, the current and voltage amplification channels
required for recording applications. Each of the latter two has a gain control
permitting adjustment of the analog sensitivity of the recordings. However, on
most such instruments there is a meter range switch which also affects the
amphitudes of the recorder outputs.

Osefflographic Recording

In the early years of vibration testing, direct readout recorders could be used
only for low-frequency data (to about 200 Hz). To capture higher frequency
data it was necessary to use recorders writing on photographic paper, which
required later darkroom development and drying befbre the records could be
read. Considerable skill and a measure of lutk were prerequisites to obtaining
complete and readable data; the delay between test performance and analysis
was frustrating and often costly.

With the advent, in the early 1950's, of the dir-ct readout oscillograph will,
considerable latitude in light beam intensity, realtime recording of vibiation rest
data became a fairly routine operation. Unfortunately, the relative simplicity of
the technique makes it as easy to misapply as to use co:rectly. A wide range of
galvanometer types is available with diffrrent drive current, impedance, and
nominal frequency response characteristics. The latter two are interdependent in
the sense that the nomninal frequency response is obtained only if the drive
amplifier matches the galvanometer impedance. It is obvious then that the
galvanometer and drive amplifier ideally should bW matched to the Job: I.e., thuy
should be selected un the basis ol data frequency response ýý-.Iuirements. In
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practice, the current aniplitier channel of the usual signal conditioner has a fixed
output impedance which may or may not match the requirement for the
galvanometer used. Therefore an impedance matehing device should be in-
serted between tile currev! amplifier and galvanometer. The device may conisist
of a simple passive impedance transforming network or an isolation amplifier
designed for the purpose; the latter is preferable since it assures sufficient
galvanometer drive without signal limiting due to saturation of the current
amplifier.

As has been noted earlier, the value of the data is impaired if the user cannot
relate the records to time arid frequency. This Infurmation can b-3 approximated
by operator annotation of the record wvith chart paper speed initially, and sweep
frequency (fur sinusoidal test) often enough to allow later interpolation. The
better method is to record frequency coding on a channel of the osciliograph.
Commercial equipment is zvaflablc for this purpose; essentially it is a counter
with serial output of four ten-step dc staircase voltages, with each staircase
representing a decimal digit from 0 to 9, Thus, frequencies from 0 to 9999 Hz
can be coded and recorded. If an IRIG time standard or generator is available
with an IRIG C ("slow code") autput, coded timea cain also be recorded
automatically on the oscillograph. Many osculographs make Internal provision
for placing 1-sec or 0.1-sec timing lines on the record. Fig. 6.1 shows a sample
record with both frequency and time codes.

I'l 6 SapletiilIgrahlcreUrdIT5(Hzl1u= cy~n iil oig
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Magnetic Tape Recording

There are three basic techniques used for tape-recording vibration data:
dire,'t, frequency modulation (FM) and frequency division multiplexing (an
extension of FM). With the first technique, the analog signal is recorded directly
on tape with format unchanged. For a given tape speed the high-frequency
response is considerably greater than for the other two; however, low.frequency
is degraded below 50 to 100 Hz and flatness of response depends upon the
precision with which record and reproduce equalizing is applied, in FM record-
Ing, the amount of carrier frequency deviation is proportional to signal ampli-
tude and the rate of deviation is determined by the frequency content of the
signal. Frequency response Is reasonably flat from zero (dc) to an upper
frequency which depends on Lape speed, carrier frequency, and the 3lgnal-to-
noise ratio (SIN) that can be tolerated. Table 6.1 illustrates the relationship of
these parameters for various IRIG standard recording systems.

In frequency division multiplex recording, each signal to be recorded on a
tape track is fed to a separate voltage-controlled oscillator (VCO), Each VCO has
a different zero-signal frequency which is deviated (frequency modulated) by Its
Input signal. The modulated carriers are then mixed and direct recorded on tape.
Special demultlplexing equipment is required to separate and recover the Indi-
vidual data signals for processing. The number of channels that can be recorded
on a track is a complex function of recorder characteristics, tape speed, data
bandwidth per channel, permissible noise level, etc. The technique was derlvLd
from a method originally developed for telemetering flight test data to ground
stations; consequently, much of the information in the literature (e.g., Ref. 104)
cannot be applied easily to the task of recording laboratory test data. However,
the technique has been applied to the airborne recording of captive flight
environmental data. Two such cases noted below for captive missile flight give a
partial indication of the amount of data that can be recorded on a single tape
track.

1. Seven channels of data with nominal frequency responses of 500 Hz in
four channels and 2000 Hz in three channels (Ref. 105).

2. Five channels of data with nominal frequet;cy responses of 300 Hz in two
channels. 500 Hz in one channel, and 2000 Hz in two channels (Ref. 106).

Given an extended bandwidth recorder and reasonable care in applying the
technique, it is possible to r,:ace 8 to 10 data channels of 2000.Hz bandwidth on
one tape track, The basic limiting factor is noise in the higher frequency carrier
channel outputs. For constant data bandwidth, the maximum carrier deviation is
the same for each channel; thus, with increasing carrier frequency, the percent-
age of deviation and the demultiplexing discriminator full-scale output become
progressively smaller, so that relative noise in the discriminator outputs becomes
progressively laiger.

The maximum signal amplitudes that can be handled in direct recording vary
widely, depending on the individual recorder and electronics. In general, it may
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Table 6-1. FM Record/Reproduce Frequency Response vs

Tape Speed (IRIG Standard)

Standard Bandwidth (BW) Extended Bandwidth (BW)
(IRIG Low Band) (IHIG Intermediate Band)

Tape

Speed Carrier 1.0 dB RMS Carrier 1.0 dB RMS
(Ips) Freq. BW S/N Freq. BW S/N

(kHz) (kHz) (dB) (kHz) (kHz) (dB)

120 108 0-20 51 216 040 49

60 54 0.10 51 108 0.20 49

30 27 0-5 51 54 0.10 49
15 13.5 0-2.5 51 27 0-5 49

7.5 6,75 0.1.25 51 13.5 0-2.5 49

3,75 3.375 0.0.625 49 6.75 0-1.25 47

Double Extended Bandwidth Extra Bandwidth (BW)
(IRIG Wideband Group 1) (IRIG Wideband Group 2)

Tape Carrier 1.0 dB RMS Carrier 3.0 dB RMS
Speed Freq. BW SIN Freq. BW S/N
(Ops) (kHz) (kHz) (dB) (kHz) (kHz) (dB)

120 432 0-80 49 900 0-400 32
60 216 0-40 49 450 0.200 32
30 108 0-20 48 225 0-100 30
15 54 0-10 47 112.5 0-50 28
7.5 27 0-5 47 56.25 0-25 26
3.75 13.5 0-2.5 45 28.125 0-12.5 26

be assumed that much laxgor signals are possible in the direct mode as compared
to the FM mode. For the FM recorder, maximum signal amrlstides are limited

by the modulation technique rather than by the characteristics of the head
configuration and recording media. Normally, the maximum frequency deviation
of ±43 percent is equivalent to a maximum signal excursion of aboeit ±1.4 V. If
these limits are exceeded, discriminator operation becomes nonlinear and un-
predictable errors will be ~introduced into the processed data.

Regardless of the recording mode used, the acquisition pro(uss should include
the following basic stops:

1. in a tape log sheet should be entered information sufficiently detailed so
that the data on each track can be iduntified unambiguously for later processing.
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tLertain types of general information (e.g., test item, test axis, date, time of day,
etc.,) are often voice-annotated on one of the tape tracks. There are advantages
to this which must be weighed against the loss of vibration data recording
capacity.

2, Shortly before the test is started, a reference, or calibration, signal should
be recorded on each data channel. Those signils must be related to the system
analog sensitivity ue each instrumentation channel. As a typical example, a
sinusoidal signal of 1.0 V rms might represent 10.0 vector g's.

3. After start of test, if range switching Is required because of unexpectedly
high or low signals in one or more data channels, the direction, amount, and
time of change must be entered in the log unless sonic scheme for automatic
range coding is being used. Tht latter is available as an option with some signal
conditioning equipment. it sl,.iuld be noted, however, that part of the dynamic
range is lost thereby.

'the importance of these steps cannot be overemphasized since the validity of
all subsequent data processing will depend upon the accuracy of the reference
signals and pertinent notations on the tape log.

To minimize test support costs, It is common practice to reuse magnetic tape
after data processing is completed. In theory the tape recorder either provides
for erasure prior to recording (direct) or erases as it records (FM); however, the
process often leavs a vestigial imprint of the prior record which shows up as
unwanted noise in the new record. For this reason it is recommended that bulk
degaussing be applied to tapes before reuse; the required equipment is com-
mercially available and relativel' inexpensive,

The fidelity with which the data are recorded and later translated back into
meaningful forms during processing also depends on (1) the care used in
alignment of record and reproduce electronics, (2) proper alignment of the tape
transport and heads, (3) cleanliness of record and reproduce heads and (4) the
quality of the tape. The first factor applies to each use of the recorder and the
next two are preventive maintenance factors. The last factor places a limit on
tape reuse; further definition is impossible since it depends on original tape
quality, tape handling and storage, the specific recorder(s) on which it is used,
and the quality of preventive maintenance.

The separation and identification of test phenomena during data processing
are simplified greatly if a time code data channel h's been recorded-, the IRIG B
code is ideally suited for the purpose. It should be recorded directly, if possible,
to allow use of tape search and control equipment. There are other supplemen-
taly data which must be recorded on tape to reduce costs or increase the scope
of data processing. In the following paragraphs, these additional requirements
are described for particular types of tests.

1. Sinusoidal tests. As a general rule, the sweep oscillator output should
always be recorded on one data channel of each tape. It will be needed for
measuring relative phase and for tuning the tracking filter(s) for transmnissibility
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measurement, if a filtered sweep is used, recording the output of the tracking
filter will reduce the complexity and cost of transmissibility measurements
because only one tracking filter is then needed for data processing. If signal
selection is used, a code identifying the controlling channel should be recorded if
available.

2. Swept or stepped narrowband random tests. There will be one or more
tuning or control signals which must be recorded for later use in data processing.

3. Pulsed excitation tests, As will be seen in Section 6,3 (page 186),
procelsslng the data from these tests is greatly simplified if two added informa-
tion channels are recorded: the pulse train source and a code identifying the prf.

6.2 Data Preprocessing and Editing

Data preprocessing and editing are those procedures used to modify and
select, iespectively, the analog data signals recorded during test prior to the data
processing procedures which transform the analog signals In some other form.

Preprocessing procedures are applicable primarily to tape-recorded data but
may be apptied (sometimes inadvertently) to oscillographic records. For
example, If data above some frequency, say 1000 Hz, are not required for test
evaluation, low-pass filters might be inserted in the inputs to the oscillograph.
The resulting records are easier to read with the unneeded freqtlency content
removed. A similar effect can be achieved by the use of galvanometers that have
limited response characteristics, but frequency rolloff will be much more
gradual. If the signal amplitude at the test excitation frequency is to be directly
readable (without Fourier analysis), narrowband filtering must be applied
before oscillographic recording. It is likely to be more economical, however, to
tape record the test data, and filter and generate oscillograms after the test is
complete. Similarly, data may be preprocessed by filtering before being tape
recorded. This procedure should be avoided except under extraordinary
circumstances since it can be effected so easily during processing of the taped
data.

Editing is defined as the procedures used to locate wanted data in the records;
to identify corresix~nding parameters such as time or frequency bounds, sensi-
tivities or scale factors, data sources, etc.; and to provide "quick-look" data
presentation. The basic editing tools for taped data are the oscilloscope and
oscillograph used in conjunction with the tape log and supplemental recorded
data. Preprocessing such as filtering may be applied also. It Is often desirable, if
it was not done during test, to record a time code before data editing. If data
volume is large or extensive processing is required, it is good practice to dub
working tapes from the originals to avoid data degradation as a result of tape
wear. If analog processing Is to be applied to short sequences of test data, the
corresponding tape segments must be cut and spliced into loops permitting
iterative playback. High-quality splicing Is required to minimize the introduction
of spurious signals as the splice passes the reproduce head.
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6.3 Data Processing and Presentation

Data processing and presentation are muost conveniently treated as one subject
because they are often inseparable functions. Except for the first subsection,
which deals with factors cither applicable to data processing in general or related
to multi-use processing equipment, tihe material is discussed separately for tile
several types of tests.

General Considerations of Accuracy
For tile purposes of this discussion, accuracy is a term used loosely to

encompass factors which the purist will Insist on separating into categories such
as precision, accuracy, resolution, etc.

The first thing to be noted here is that, since there are bound to be certain
limitations on data quality inherent in the acquisition procedure, processing
accuracy requirements should be reasonably related to these limitations. For
example, it is senseless and unnecessarily costly to require 0.1-percent processing
accuracy for 5.percent data.

Most laboratories are subject to quality assurance requirements for periodic
calibration checks and certification of some of the instrumentation used far data
processing, Use of such equipment when it is near or beyond its recalibration
date is poor practice unless the validity of processing results can be demon.
strated unquestionably.

The following paragraphs identify, by types of processing functions or
equipment, general facturs affecting accuracy.

1, Magnetic tape reproduction. Assuming that the precautions cited on
pp. 174-176 have been duly observed, preservation of data quality in processing
first requires careful alignment of reproduce electronics, Next, the analog sensi.
tivity of the data must be deternined from the reference signal and tape log.
Tese steps must be performed with all equipment that will be used connected
into the processing system to avoid the introduction of errors due to loading
effects.

2. Tracking filter. This device is a common primary element in test data
analog processing for phase and transmissibility measurements, wave analysis,
power spectral density estimates, etc. For every such use, the following pre-
cautions should be obseived:

(a) The filter bandwidth should be selected to match data and processing
requirements. For example, if random test data are being processed, required
sweep and detection times increase with decreased filter bandwidth to permit
the processing system to respond to changes in the power spectral density of the
data signal.

(b) Instructions for alignment should be followed completely and cute-

fully. This innocent-appearing Instrument is a very complex device which
performs poorly ii not properly adjusted.
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(c) Final system sensitivity measurement (and adjuIstIent, if necessary)
should be made with all Input, output, and monitoring equipment connected.

3. Miscellaneous. Other equipment commonly used, such as xy plotters and
log converters, present potential problems. For these and other equipments, the
arrangement for range changing or gain/attenuation setting is often such that
interface Impedances are changed also. For this reason, once the final processing
system alignment and sensitivity are determined, no changes in range, gain, etc,
should be made without rechecking system analog sensitivity. An additional
factor applicable to most processing equipments is related to their dynamic
range. In general, for any given application, there is an optimum operating
region,, if signal amplitudes are consistently low or high relative to optimum,
errors may be introduced due to unwanted noise or signal limiting, respectively.

Sinusoldal Tests

Real-Time Processing. On-line uscillographic recording of unmodified data
signals is a common form of treatment for data from either filtered or unfiltered
swept sinusoldal tests, This Is obviously little more than data acquisition, but the
records, suitably annotated, are often the nearest the test data comes to being
processed. The procedure may be adequate for many tests with the limited
objective of determining If the test item can survive, in physical or functional
terms, exposure to controlled vibration levels. However, if the test Item fails or
exhibits anomalous behavior, an explanation is usually sought in the recorded
data. If the test control signal was unfiltered, analysis of test item behavior is an
impossible task unless very fast chart paper speed was used; in the latter case, the
physical record length may require adjournment to the nearest long corridor for
visual and manual analysis! For all but the most routine unfiltered sweep tests, If
the data cannot be tape recorded, it is recommended that the filtered (in
addition to the unfiltered) control signal be recorded on ie oscillograph. Fig.
6-2 diagrams a typical setup for doing so. The second output of the tracking
filter shown is available as a standard option and is recommended also for its
diagnostic value. It Is commonly called the sine reject output and Is a broadband
signal with the sweep excitation frequency notched out.

Figure 6-2 also shows the alteinative use of a dual-channel xy plotter for
recording the processed control signal; this figure is an example of such proc-
essing. 'Two plotters can be substituted if a dual-channel device Is not available.
This is a particularly useful technique for the single-sweep test but may be used
also for periodic sampling of the multisweep test. The x-axis log converter
permits representation on standard log graph paper. The y-axis log converters
serve a dual purpose: detection of the data signals and Increasing the dynamic
range of signal amplitude presentation. if linear presentation is required, de-
tectors and plotter drive amplifiers must be substituted for the log converters.

Uimited on-line transmissibility plotting may be performed also if the
appropriate equipment is available. Figure 6.3 diagrams the preferred method

............................... ..
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Fig. 6-2. On-ti.e data plocessing, swept siriusolda tLest (unfiltered).

whid ratios atnplitudes at tile fundantautal sweep excitation rrequency only for
a 0esp)Mse signal and the control signal, respectively. For a filtered swept
sinlusoidal test, the tracking filter shown in the control signal path is the one
which Is used for test performance. A ratio of the signals is obtained by simply
reversing the polarity of one of the log converters.

Other transmissibility techniques, which do not discriminate against the
harnonic-distortlon content of the signals, call be used. Speclaized plotting
devices are available, or a ntultiple signal oscillographic recording method 11071
can be applied. However, the nmeaning of the ratio of two signals which have not
been 1iltered Is. tw say the least, unclear.

Taped Data Prucessing. The simple processing described In the previous
section can, ot" course, be applied to all taped data. The resulting records can be
made much eaIler to Ilse In the analysis of test performance, since tile editing
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HSg. 6-3. 'ransirlilsblttty plot tlog, tracking I'litur nL'thod.

tec'hniques on page 177 may be applied also. For the filtered swept sinusoidal
test, if the filtered signa, was not recorded, transmissibility plotting requires tile
setup diagrammed In Fig. 6-3. If the filtered contr ol signal was recorded during
test, one thacking filter can be eliminated und the reproduced contro! signal fed
ditectly to the corresponiding lug converter.

31nusoidal Plus Random Tests

It is Irnprobablo that the tape progranmming method (see pp. 154-156) will be
used if' a trackil-ig filter is available. Therefore, processing options for such test
data. wilethei tape recorded or not, are likely to be restricted t~o the simple
expedient of outputting the hioadhand signals onl a plotter or anl oscillogruph as
a function ot' ltile. It is conceivable, however, thut tape-recorded data inight be
processed Lit another tlnie 01 place where a tracking filter is Lvailable; in that case
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the technique described in tile nlext paragraph mlay be appli, I if a constant-
amplitude sweep f'requenicy signal has been recorded for tracking filter tuning.
'Thle recorded sweep excitation signal usually will be unsatisfactory I -or tilc
purpose because its amplitude variations at some frequencies will exceed the
alluwable range for reliable tracking.

On-line data processing for the test using the tracking filter method (page
156) is diagrammed in Fig. 6-4. Two basic graphic presentations are generated: a
plot of power spectral density averaged over the equalizing filter bandwidthis,
and a plot otf sinusuiditil amplitude vs frequency. only the control signal can be
processed on-linle unless tho test laburatory is blessed with both miultiple track-
ing filters and xy plotters and spare equalizing systems. The second output (sinc
reject), which Is shown connected to tile xy plotter via thec mean-square de-
tector, Is 'an option which may have diagnostic value if test control ainomalies
occui . The tuickIng filter shown Is, of course, the samie one used for test control,

II~ ~ ~~~ILE 6-.Sniia isrnOmUTitdtapo.'n
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For processing tape-recorded data, the only dlifference is that tracking filter
inputs conic from the tape recorder rather than from test control equipment.

Broadbrnd Random Tests

Processing of data, either on line or from recordings, obtained during random
vibration tests entails what is generally known as spectral analysis. The type of
spectral analysis performed will be very dependent on the equipment available
and the intended use of the data subsequent to processing. Chapter 2 contains
discussions of some of the parameters which must be considered in selecting the
spectral analysis method, particularly the filter bandwidth to be employed. In
this section and following sections regarding specialized random vibration tests,
it will be seen that there are two categories of spectral analysis. The first is that
carried on continuously within the vibration test equipment in order to control
the test. It is only necessary to read out the spectral values at an appropriate
ti•me. The second is that carried out either during, or more often, after the
conclusion of the test, usiig an available spectral analyzer which is nut an
integral part of the vibration test equipment. The spectral analyzers can be
classified as constant-bandwidth (swept filter, constant-percentage bandwidth)
comb filter, and special purpose. The following subsections briefly describe tihe
use of these types (or categories) of spectral analysis for broadband random
vibration teits.

Equaltzk;e-Analyzer System. Most random vibration equalizer-analyzer
systems present a continuous visu., display of the spectral density in each
equalizer channel. In addition a scanner or commutator which samples a voltage
representing the spectral density in each channel is included in the system.
Figure 6-5 illustrates the equipment necessary to obtain an xy plot of this
spectrum. Of course, tape recordings of random vibration signals can always be
played back through the analysis section to perform this type of analysis,
providing the signal is attenuated to obtain the normal 10 mVfg sensitivity.

Constant-Bandwidth, Swept-Filter Analysis. This type of data reduction may
be performed on line or by using taped records. It is usually accomplished by
effectively sweeping a filter across the frequency range of interest, but is
sometimes done by stepping the filter incrementally. There aie various equip-
ments such as tracking filters, wave analyzers, and other specialized instruments
thac may be used for the purpose. A typical processing setup is diagrammed in
Fig. 6-6. Regardless of the equilpnent used, there are three basic factors to be
considered.

1. In choosing the filter bandwidth, it must be remembered that both the
allowable sweep and the maximum theoretical accuracy ate linmted thereby;
sweep rate because of filter response and detection time constraints, and
accuracy because there is an inherent statistical error which is a function of
bandwidth and sampling time [33,108].

I.
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Fig. 6-5. Iiroadband random test data processing, on-line.

2, The effective bandwidth of the filtet must be known in order to align the
system properly unless an accurate reference noise source is available.

3, The filter sweep rate and detection time constant must be chosen carefully
to niinimize "grass" on the plot and still maintain the ability of the system to
resxond to variations with frequency of the spectral density [108].

If the equipment is available, digital detection and processing of the filter
output can be performed. The procedure is particularly attractive if the system
provides for digital incremental plotting, since a large data volume can be
processed rapidly into its final presentation format. However, there are pro-
gramnning complications and uncertainty in frequency determination if the filter
is sweptý for these reasons, it is recommended that the filter be incrementally
stepped for digital processing.

Constant.Percentage-Bandwidth, Comb Filter Analysis. When constant-
percentage bandwidth analysis is desired, swept-filter processing is not
recouimeonded since economical technology, which maintains filter quality and
also allows continuous bandwidtlh change, does not yet exist 1 1081, The obvious
alternlative is to use at combination arrangemnent of" fixed-frequency filters over-
lapping so the response curves for adjacent filters intersect approximately at
their -3 dlB points. An early version of this terhnique [1091 was a bit cumber-
some, since a single detector had to be switched to each filter output in turn and
the resulting data logged for later scaling and plotting. However, it represented a
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Fig. 6-6. Broadband random test data processing, sWept-tlter methud,

considerable improvement over previous methods since it provided the capability
for estimating amplitude distribution as well as spectral density. It was obviuusly
impractical to use for on-line data processing.

To overcome the disadvantages noted above and to permit timely processing
of large quantities of test data, the simultaneous detection of filter outputs and
the autotnatic scaling and outputting of processed data are required. The method
evolved in response to this need in the autthors' laboratory Is based upon use of a
hybrid system I], The analog section contains 10-percent bandwidth filters
(covering the nominal frequency range of 20 to 2650 Hz) and the amnplifiers,
etc., required for Impedance matching, gain adjustment, and isolation. Its out.
puts are connected, via multiplexer and aikalog-to-digltal (AD) convertor, to a
smalU general purpose computer system which includes digital tape recorders and
an Incremental plotter. Signal detection is performed in the computer and the
multiplexing and AD conveislon rates are suMclcntly hIgh to allow effectiqcly
simultaneous detection. The computed power spectral densities are recorded on
digital tape for subsequent outputiing (listing or plotting) or further processing
(see pp. 188-195). With a modcrutely large data volume, say 12 or more data
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sequerices, processing rates (raw data to report-quality plots) of six per h'1tur are
achieved casily,

If the frequency range of interest for data to be processed exceeds the range
of a fixed-frequency filter system, the taped data can be played back at a
different speed [or processing. The relative speed chaitge shlifts the effective data
frequency up or down (for increased or decreased speed, respectively) by the
speed change ratio. However, it should be noted that an artificially changed
signal analog sensitivity must be used if correct answers are to be obtained. This
may be explained most easily by considering what occurs in a limited energy
bandwidth on the tape record. For example, assume there exists in the data a
bandwidth B of energy with uniform spectral density W and an rms value a; then
o2 = WB. If the tape is played back at twice the speed, it will be found that u
remai~is unchanged but, since the bandwidth is now 2B, the computed spectral
density would be 0.5W if no sensitivity adjustment were made. Therefore,
computed spectral densities must be scaled by multiplying them by the ratio R
of the record to playback speeds. This is equivalent to multiplying the original
tape signal analog sensitivity by %IRT

Special Purpose. On-line digital data processing is concomitant to the digital
control method noted on page 160, and a hybrid technique is described in
Refs. 110 and 11. Taped test data can be processed also by AD conversion and
applying digital filtering or one of several transform algorithms. Various forms of
digital analysis Pre possible: spectral, correlation, statistical, etc. [33,112,113].
Some of these types of analysis can also be accomplished using specialized
analog or hybrid methods [114, 1151.

Swept or Stepped Naetowband Pandom Tests

On-line processing for data from the:ze tests can consist of little more than
some form of continuous graphic recording of detected control filter outputs
and analogs of the filter tuning signals. Fig. 6-7 shows a typical setup for this
purpose. For the stepped narrowband test, two additional options are available
under the following conditions. If filter frequinscy-shift markers are recorded
on tl,- program tape, the detected outputs can be plotted on an xy plotter for
each filter position in turn. Figure 6-8 diagrams a setup for doing go. The
scanner outpuit of the equalizing system can also be plotted (see Fig. 6-5) tc
documeut the spectral density outside the narrowband excitation.

The foregoing methods can be applied directly to taped data by playing the
broadband signal back through the narrowband programming system, providing
that all filter control signals and frequency-shift markers have been recorded.

Pulsed Excitation Tests
Definition of the vibration conditions during the pulsed excitation tests

described on pp. 166-167 requires processing to determine the amplitudes of the
fundamental frequency and a sufficient number of harmonics of the periodic

signal for each of the prf's employed during test. The swept-filter analyzer

S. .... . . ... . ...-.. .. .. ... "77 - 7, -
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TYPICAL NARROWAND
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Fig. 6-7. Swept or stepped natrowband random test data
processing, continuous.

system shown in Fig. 6-9 may be used to analyze a segment of the recorded
signal at each prf by using tape loops. The amplitudes of the harmonics can be
tabulated from the xy plot. If random vibration is also present, the xy plot can
be used as an approximate measure of the acceleration spectral density in the
frequency bands between the harmonics, providing allowance is made for the
filter bandwidth characteristics.

The above method is time-consuming, i.e., expensive, and. results in a large
number of xy plots which, strictly speaking, should be conveited to line spectra
plots or tabulations. Again, a comb filter can be used to avoid the necessity
of making tape loops and to obtain all the harmonics with one passage of
the recorded d:Lta, provided only one harmonic of interest is present in the
bandwidth of any filter. The hybrid analog-digital system described on page 185
can be modified for application to these test duts, if certain supplemental
information is recorded on the tape. The additional required data are the
pulse-train excitation source and a ptf code. The method provides for self.
calibration of the processing system just pilor to its use, i.e., the correct gain
factors are calculated for e-ch prf for the filters containing iii their passbands i.he
fundamental and the required harnoalcs. These calculations are performed by

Sfithe computer and are possible because the ratio of pulse width to pulse period is
maintained constant for all prf's; consequently, the relative amplitudes of pulse,
fundamental frequencies and harmrnica can be predetermined and entered into

. the computer progiam. The self-calibratioa eliminates any p;oblems due to
nrinor frequency shift oe drift anywhere in the test control, recording, or
"playback sequences, nince the gain factors are cZlculated for the actual playback
data frequencies. Proces:.ed data are recorded on dlital tape for subsequent
outputting or further processing. The normal output is a tabulation of harmonic
amplitudes for eac. prf as shown in Fig. 6-10.

[ ..
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Fig. 6-8. Stepped narrowband random test data p!ottinr

6.4 Special Topics

It was suggested in Chapter 2 that a common weakness in the design of
vibration test experiments is the lack of cornideration of requirements for the
later analysis or evaluation of the data after initial processing, i.e., the cerebral
processes. It is not unfair to suggest that the design of data analysis "systems"
often displays a similar weakness in that the "system" stops at the poeit that the
processed data are displayed on a cathode ray tube or an unlabeled xy plot. The
material in this section describes some specialized processing applications of test
data which have been found to be very useful. The descriptions are included to
illustrate the potential of such specialized processing during the test evaluation
phase. However, these methods depend on the availability of the results of Iutial
processing on digital tape or hollerith cards and, of course, access to a digital
computer. A data analysis system such as described on page 185 [11, wiuch
outputs data in this format, is particularly convenient. Bozich [116-118] has

* _. ,J • ,4 .
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Fig. 6-9. Pulsed axcitation test data proco~r~nr, analog.

described -imilar data procei.sing methods developed fo, test progiams in which
the sheer volume of tVst data required more efficient processing and evaluation
of tebt data than has been traditional.

Random TeLt Data

The processed sl-ectral iecords accumulated from one or more tests can be
repioceEsed in several useful ways after they are encoded ,on digital tape. Five
basic types of routine data processing have been devuloped for use in the
authors' laboratory; they are

1. Average and/or envelope of N spectra. Three different outputs are avail-
able: a plot of high, low, and average values (Fig. 6-11); a teletype (TTY) listing
of high, low, and average values (Fig. 6-12); or a TTY listing of high and low
values along with identification of the spectral records containing each (Fig.
6.13).

2. Ratio of two spectra. A sample plot for squared transmlssibility is shown
in Fig. 6-14. An option to plot the squarc root of the ratio, i.e., rms trans-
missibility, is available, as shown in Fig. 2-11.

3. Multiplying spectra by a constant or multiplying two spectra.
4. Computing the mean, standard deviation, and variance for N spectra. Fig.

6-15 shows a TTY listing for such computations for 350 spectra used to establish
system gain and effective bandwidth constants.

5. Conversion of acceleration spectral de&nity to, fe" eximple, di~placetment

spectral density.

-. t - - N.
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GUNFIkE VIBRATION DAIA AtALYS15

HIGH G.F. HAIL REC. N16. 0306 YLAH 1970

HARMONICSt PEAK G'S bROADBAND: RMS G'5

P F 'S

107.6 106.2 104.8 103.4 IO.1

FUND i288049+01 .26ý97E+ZI i24425'E+0Q .4909E.÷l .2:5;9L+0l
2ND .46071E+01 .41001L+01 .35831E+01 .38037E+0l .39771L+01
3RD .6599 6L+O I .57505E+01 .49076L+01 .51207L+01 .54002EL+0l
4TH .42827E+01 .53876L.+01 .,2841L+01 ,4.3l63t.+01 .472?5L+01
5TH .56532.+0ol .59652L+01 .65630E+01 .55191E+01 .46730L+01
6TH .66255E+01 .5587E+Ol .56338L+01 .52530L.+01 .41684kL+01
7TH .54909E+01 .60025E+01 .51168L+01 .60768L+01 .5018 7L+01
8TH .24900E+01 .39180E+Ol .37326E+01 .44991E+01 .540?2.+Ul
9TH .43561E+01 .35181E+l0 .40837L+01 .48827L+0I .50876L+01

IN'H .21113L+01 .24?.79E+0I .42666L+01 .47021L+0i .5299Z•L+D1

BBoM .11921E+02 .119417+02 .1160BE+0?. .11795L+02 .185'4L+02

BB-C .10656E+02 .0l544E+02 . 004Ei+OZ .1064Bk.+2 .10646L+U2

100.8 99.5 95.2 96.9 95.6

FUND .24706E+01 .238)3E+01 .297213L+0I ,28973E4-01 .26027E+01
2ND .44866E+01 .45206E+01 .5l757E+01 .49119E+O I .4u74.3L+0I
3RD .58800E+0I .62748L401 .6.3776E+01 .60254L+0 .62347L+01
4TH .726U6E+01 .57817E,0I .55403E+01 .52156L+01 .52417L+O1
51H .35312E+0I .35690E+0÷ .42562E+01 .46560E+01 .549,59E+O I
6TH .47614E+01 .49485E+01 .44107E+01 .44831E+01 .5B666L+01
7TH .49022E+0I .55859E+0I .4B327L+01 .51977L÷0I .58065L+01
87H .51691L+0I .53983L+01 .49162E+0I .,4824E+0I .41555.+01
91H .41904E+01 .29141E+0 .36376E+01 .31 672E+01 •.19646E+O1

JOIH .37174E+01 .44727E+0l .39994k+01 .34559E+01 .41944+01

.1 B8-l .18563E+02 .I154.+02 .o!86GE+02 .11796L+02 .12024E+02

8B-C .10721E+02 .I0608E+02 .10521L+02 .10414E+02 , 715v.+02

* BB-M: MEASURLD BROADBAND (ALL HAHRIINICS PLUS BASE NOISE)
89-Cs NRS OF LINE SPICThUM (10 HARMONICSl ONLY)

Fig. 6-10. Typical teletypo printout ofgunfire vibration test data analysis.
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1-358 $000-69 5001-69 500-s69

CH PR1Q. NI Le AVG

01 20.0 +.752901 -02 4+.35057E-03 +.&C8u/E-02
02 22.58 *,108769lPOI *I 17285F-02 O9*+2t'29[-u2
05 24.84 4.1505239-01 4.126444Eo02 +.4911441-09
04 27,32 +.9610309-02 4*1110149-02 +.472921[-02
05 30.05 4.760192E-02 +.1139001-02 +.40i541 E-01
06 33.04 +.II IOIE-0l 4.7041261-03 +.4689059-09
07 33.6 +.6;887981-02 +.7965451-03 ý.34.0500-02
08 40.00 +9570138 -02 +.449450F-03 +.262237E-02
09 44.00 +.1052429-0I 4. 102453 E-03 +.3719191-02
30 40.40 10 422 1-O I .+4213669-03 +.4036111-09
I I 53.24 +*950735E-02 ,22 6168 E-02 +.5072781-02
12 18656 *..u499hl-09 *,ZISOIC[-02 ÷.5303761-02
33 64.42 4*720609r-02 4.1432019-02 +.475475L-02
14 10.36 ,.71.87" 9102 +.50750NE-03 +.441l78[E-0
15 776195 4.5139Z 1302 +.2316351-03 +*3604469-02
i6 35.74 *.5046eo-02 *.66635613.-03 *23&1.279-02
17 94.32 +,8799701902 4.3235449-02 +.5277349-09
Is 10O1 S 0195,1941[-01 +.684212 9r03 +*512838K[*02

19 114.1 4.1405291-01 4.517052-01 4.,60014)E-01
to 125.5 4.13$4l35[-l 4 105142-02 +* ?753541-02
at 138.1 +.9217401-01 4.4446061-03 +.4927291-02
at 131.9 +.54180".03 +.9641329-03 +.2678801-09
33 1"7.0 +.406582 303 *.1415149-02 +*,27812l-02
24 113.8 +.W604441-02 4'457221-0a +4.4079419-09
is 021.2 +. I0681•-01 4+.5439961-03 +.4317849-02
36 313.4 +. 1464g96-01 0.29218301-03 +.532531.002
8"/ 244.4 '4"*5I888-0 4.2948537-03 +.0794951-01
as u49.1 +* 18718SE-01 +.194458[-03. +. 70418Ir3,(
29 296.0 +.1779199-01 +, 89"/3339-|04 +. 7209979-02

30 329.4 +. I I36E-001 +JE64•86E-03 +*.4449249-0231 358,2 +, 198891 [-01 4".270308 [*03 +.,447141 [-02
32 394,0 +.o 194381 9-01 4.4859971*~03 +.7110469-02
33 433*4 4.,0298 IO9)-OI +,9S149861-03 +.9831444[,1'02

34 474.7 +0.055561-03 +.902919L-03 +.4945999-02
35 +.333501.*I #.942351 C-03 +.513402t-0236 97908 +, 165241 [-Ol +*5143E46-03 +, 6099)33-02

37 6340 +.31092991-01 +.8245271-04 +.4060859-02
38 698,0 +.92100191[ 02 +.1513879*03 %6.4902639-02
9 797.8 +. 1191731 01 +,169651•-02 +.5526471-02

40 845.0 +,19081* .-01 4.6432821-03 +.7142021-02
41 29.5 +,10494,r01 +0102l21-03 +.4545M91-02
4 1022# +9002619-02 +.630089E-04 +.5004021.02
43 1124. +.784342E-02 +.1905371-03 405232W5E-02
44 123. +. 154119•01- +0.313499-05 +, 4403 48C-02
45 134,06 +.u11999 -01 +.1799181-04 +.6008431-02
4i 1496o +.10308[1-Ol +.1691221-04 +,54670E-02
47 1646o .+11012L.01 +..329291-04 +4.059229-02
43 3533. +.1287119-01 4.6463533-04 #.4997441-02
49 1192. + 02099•9-01 +,415.5"1-04 +.4661609-02
W0 291. + 161090 L-03 +.3733894-05 +.848497k-04
51 2410. +*107504Z-03 +. 12 68S-04 +4.53734E-04
52 2651. +.4053491[-0 00661 ot E-03 +.2766719-03

Fig. 6-12. Average and envelope of three spectra.
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ACQUISITION AND PROCESSING OF TEST DATA 193

CH. FREQ. HI ". I me LONO

01 20,50 +.7529019-02 +.835057E-1)3 1074 1076
02 22.058 +÷0107699001 *.172815-02 1074 1076
03 24.84 +.950529L-02 .*126444[-02 1074 1076
04 27.32 +.961030E-02 +.111034K-02 1014 1074;
05 30.05 +.760128E-02 +.6II900E-02 1074 10,16
06 53•.0 +6 It 12019-0i +.704126F-03 1074 1076
07 34.36 +.61879g*-02 +.798945E-03 1074 1076
08 40.00 +.T70!38E-02 +.449430E-03 1074 1076
09 44.00 +.10$2429-01 4.I02683[-03 1074 2076
10 48.40 +. 106422 9-01 *.421 264E.0.3 1074 2075
22 9.3.4 '*95073SE-0 +.22 $168 E-02 2076 1075
12 58,36 .86684969-02 4.2960901-02 1076 1075
13 64.42 4.720409L-02 +.1432011-02 1074 1075
14 70.86 +*7875959-02 .a5075089-03 107,. 1075
15 77.95 +0.739319-02 +.231635[-03 1076 1075
of 10.74 4.50146$E-02 +.683613E-03 1074 1015
17 94.32 *.879970E-02 +.3235449-02 I015 1076
Is 103.8 *.195154[-0O ÷.85121-2.03 1075 1074
19 1141 +.2140592[-01 +.517052E-03 I207 1076
90 W2O.5 *.13i45E[-Ol +.105i42i-02 1075 1076
12 138.2 +.921740F-02 4.4446061-03 1074 2076
22 151.9 +.54183GE-02 .9646392 1-03 IOTS 2076
923 267.1 +.40659125-02 .21419141-02 2075 1074
14 1A.8 +. 606444E-02 +.I *5722E-02 1075 1074
2S 202.2 +.I06894-01 +*.54899S1-03 105 10?4
92 2?2.4 .91464961-01 +.292180L-03 2075 2076
97 244.6 4.295U11*-01 +.2948371-03 1075 1076
28 699.1 +.I972196F.O +*196438r-03 2075 2076
29 296.0 .1,779199-01 *.897333L-04 1075 1076
30 315.6 .. i1 1368E-01 +.164582 E-03 1075 1076
31 3$8.9 +.1988919-01 +.2703081-03 1075 1076
32 394.0 +.1943811F-Ol .485 9972-03 1075 2,76
33 433.4 +.228109E-01 .9649861-03 1075 2076
34 471.7 .01055996-01 +0.902979E03 1075 1074
35 924.4 ÷.131 a5906-01 *.942351E-03 075 1074
36 574.8 +.*M52419-01 . 51426CE-03 2075 1074
37 £34.5 +. 1029231E-01 +826527E-04 107S i0"1..
38 S98.0 +*.92001 9-02 +. 1513871-03 2075 1074
39 767.5 +.1I9731-01 +.6696685E-02 1075 2474
40 845.0 40190833g-01 +.643282L-03 1015 1074
41 929.5 +0.04943[-01 4. 1029121-03 1075 107.
42 1022. +.9002679-02 +.630089E-04 lu06 1074
43 1124. +, 784342E-02 4.190537E-03 107; 1074
44 123G. +.21341268-01 4.l3349E-03 1075 1074
45 1360. +. 128883 E-0l 4.17991BE-04 1075 1074
46 1496. +. 101007E-01 +.169022E-04 107T 1074
47 1646. +.121012L-01 +.&29297E-04 2075 074
48 1toil *.212"/119-0 +.4483831-04 1075 1074
49 1992. +,12$999-01 *415562E-04 1075 1014
50 2291. +.048090L-03 4.3733811-O 1075 1074
51 2410. +.457504*-03 +. 2968ME-04 1075 1074
52 2651. +.40534196-03 +.o0iC21|-03 2075 1074

Fig. 6-13. Envelope of three spectra and identification of source spectra.
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ACQUISITION AND PROCESSING OF ThST DATA 195

CH FREQ. %A 5D AVG

O0 20.50 +.98519•E-03 *.313897L-I1 +. 1I0300L+00
02 22.58 4.930341 i-03 4.305014E-.OI +.I I181 ý400
03 24.F4 +.91641•E-03 +.302733,-*0I +.105880Et+00
04 27.32 4+J 1058OKE-02 i .3-25281 .- 01 4. 1186S1 E+00
05 30.05 +.11 1489 E-02 +.3,02761S-01 +.22?1iAE+0
0,; 33.06 +.'09930tE-02 +.331557E-01 4.120721E+00

07 36.36 *.119949E-02 +.34.336E-01 *o.19850E400
08 40.00 +.116158E-02 +.34•FI9E-0I +.lZuI65E+O0
09 44.00 +. 10691 5E-02 +.326979 E-0 +. 122 704EC00
I0 45.40 +. 924028 E-03 4.3039785-02 +o 113475i,+00
1I 53.24 +.97900K E-03 +.31280OE-Oi +. 115641 E40O
12 5q.56 +. 964532 E-03 +.31056 E-0 I . 1181512E+00
is 64.42 +.916577E-03 +.302750E-O0 +.114312E+00
14 70.16 *+.970079E-03 +.31146k E-0 I -. 115925E*00
15 77.95 +.881 220E-03 +.296•53E-01 +.109451E+00
16 95.74 +.923372E-03 +,286944et-0I 4.106793E+00
I7 94.32 +.587514E-03 4.242387E-01 +. 89755"t E-O-
18 103.8 +.446516E-03 +.211309E-01 +.777253E-0l
29 214.1 +.31406E-03 +.1 720BE-01 +.64936qc-Ol
20 125.5 +. 7330S2 E-03 +.270745E-0l +. 99A476-o01
21 138.1 4.7662C9E-03 +.276815E-O +.t101oUUOrOo
22 151.9 +.741940E-03 +.272385E-0 +,997"OOE-02
23 161.1 +.744961L-03 4.273671E-01 +.I01078€400
24 i83.? +.790874E-03 +.201224E-01 +.103U06E+O0
25 202.2 +..79594AqF-03 +.282125E-01 ÷.104135E÷00
26 222.4 4..7926I05-03 +.281544E-01 +.1040q9E÷00
27 244.6 +.639040E-03 +.25.792E-01 +.931016E-01
24 269.1 +.740003E-03 4,2 ;'0030E-0I +. 996%52E-DI
29 296.0 + .6981752 E-03 +,?643S9 E-2 0 4.9?6202E-0I
30 325.6 +.699638E"03 4.264506E-01 +.978?94i.-11
31 359.2 +.698651 E-03 +.264320E-OI +.9 16154i,-01
32 394.0 +. 869839 E-03 +.258512E.-0 4.957,5 /9 8-01
33 433.4 4.670324E-03 .,25•P936-01 +.956304--02
34 476.7 +.629333E-03 +.250865F.-02 +.925201E-01
35 524.4 +.60633iE-03 +. 2 462 3 9 L.-0I t.90i827.-01
36 576.8 +.G; 52I5E-03 +.2 500-t3,-o0I +.92426CE-01
37 634.5 +.6189121-03 4,248"79E-OI *.9I6924L.-0i
3! 6&98.0 4.559652K-0 +.236575E-Ql +.973614E-01
39 767.8 +.552553 E-03 +.235064E-0 +.8655805L-0L
40 545.0 +. 538479 E,03 +,23205 E--O +. 853499 E-01
41 929.5 +.50502 E-03 +.223942.£-0 +4.923534L-0C1
42 1022. +.57603K•S03 +.240007E-0i +. 8846475-02
43 1124. +.586 W3 E-03 +, ?42225E-01 +.8949359-01
44 1236. +.62 6220 E-03 +.248237E-01 +.913•C0E-01
45 1360. +.5$.1732E-03 4.241191E-01 +.487506E-01
46 2 496. +. 5 01 A03 E-03 +.23905L.-01 -.50R745E-.O0
47 1646, +.674727E-03 +. 2"'9755C-02 +.95537G6-0l
4q I:'ll. +.865145E-03 +,252485E-01 +.9474RGE-01
49 1992, +.G39775E-03 +.252937E-01 +0921432E-01
50 2192. +. 622401 E-03 +.24ý4470E-0I +.905610E-0I
52 2410. +.6079/n/ .f03 +.246576E-0l +.0939$2E.0O
52 2551. +.?13754E-03 +.2.52',5-01 +. 103015E+00

NO. OF SAMPLES - 350

Fig. 6.15. Mean, standaxd deviation and variance for 350 apmctra
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196 SELECTION AND PERFORMANCE OF VIBRATION TESTS

Response-Limited Tests

Efficient execution of the response-limited test described on pp. 167-168
depends on rapid computer processing of test data from each Iterative step.
Reference 1 describes the use of a computer to compare thu response and
control spectra, to calculate the input adjustments, and to output corresponding
instructions to the test operator. Waiting time between test iterations has been
reduced to ubout two hours for a test requiring control at 12 to 15 response
locations. Traditional processing for such a test would require at least two days.

Deterministic Test Data

The processing methods illustrated above for random test data are equally
applicable and desirable for ,etermnirdstic test data, whether from a swept
sinusoidal test (116] or from a pulsed excitation test. However, techniques for
the conversion of such test data to digital form for evaluation are not presently
well established. The applicability of these methods to the processing of data
from modal tests and impedance measurements and for the comparison of
analytical and experimental results is self.evident.

., .. -4
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APPENDIX A
GLOSSARY OF ABBREVIATIONS AND SYMBOLS

AD) Analog to digital
b Measure of slope of endurance (u-N) curve
BB',BIW Bandwidth
c Material constant, viscous damping coefficient
CRO Cathode ray oscilloscope
D Specific damping energy, danage coefficient
De Damage coefficietit foi constant cyclic loadinig
Do Total energy dissipated
Dr Damage coefficient for random loading
Ds Damage coefficient for sweep frequency siniusoidal loading
e Normalized standard error, 2.718 ....
E Energy
EC Energy dissipated in sinusoidal dwell
I.'Energy dissipated in random motion
E5  Energy dissipated in sinusoidal sweep
I Frequency, in hertzcs
fn Natural frequency
If1 Absolute value of time rate of change of'excitation frequency
Fi, F(t) Forcing function
FM Frequency modulation
g Acceleration of gravity
G Fraction ol steady state response
h Linear sweep constant
H Amplification factor
li(iw) Frequency response function
i An index, N'-T
IRIG Inter-Range Instrumentation Group
J Material constant
k Spring constant
K Arbitrary constant, fraction of steady state response
KS Proportionality constant between stress and vibration
mi Mdss
n Exponent of damping stress iclationship. an index, kiunmber of

channels
ni Number of cycles at stress level i
N Numbei of cycles, number of occurrences
NSD Loss-of-signal detector
p An index denoting peak value

197
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198 SELECTION AND PERFORMANCE OF VIBRATION TESTS

p( ) Probability density iunction
prf Pulse-repelitlon frequency
P Power
PSD Power spectral density
P( ) Cvmulative distribution function

Normal coordinate
Q Peek ampliflcmtion or quality factor
r Frequency ratio (./•in); an index denotilig random
rms Root mean square
R Response qtuantity, slope of spectral density curve
s(t) Base motion coordinate
S/N Signal-to-noise ratio
So Peak displacement of excitation
So Peak acceleration of excitation
Se Equivalent stress
SDF Single degree of freedom
t Time
T Transmissibility, observation time
TDM Time division multiplexer
Te Time oef sinusoidal dwell
Tr Time cf random test
Ts Time of sinusoida! sweep
TTY Teletypewriter
U Coordinate
VCO Voltago.controlled oscillator
V1  Input motion
V(f) Velocity spectral density
VTVM Vacuum tube voltmeter
Wo Total strain energy
W(f) Acceleration spectra; density (g2//Hz)
X(t) Absolute motion coordinate
X(f) Displacement spectral density
_•_) Relative motion coordinate
Y Mean square relative velocity
y2  Mean square rel5itive acceleration
Z, Input impedance
Zo Output impedance

Logarithmic sweep rate
Increment of time
Fraction of critical damping

17 Sweep parameter
(t) Raitd-m time function

nr 3.1415... I
U Stress levei, rms level

____ ij ____ ______________ __
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T Time delay
0111 Eigenvalue
0(t) Phase angle
w Circular frequency in tad/sec (w = 21rf)

wit Natural frequency in rad/sec

.'

i'
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APPENDIX B

USEFUL EQUATIONS AND RELATIONSHIPS

B.1 PRoot Mean S.qure of PSD

The following equations provide solutions for the root-mean-squate (rms)
magnitudes (acceleration, velocity, displacement) of acceleration spectral density
spectra described by straight lines on log-log plots. The spectral density W is
expressed in g2/Hz, the frequency f in Hz, and the spectrum slope R in
dB/octave, where

R 3 3 log(W 2 /Wl)

0log (V2 /f)

RMS accelerations (gs :

3 L(W ) -Wlj f R 3

w, W, In , -3

RMS velocity (in./sec):

_ 11.32 X 103 W, F/f \ tR-3,i/31./
m (R 9)f fl- fs R R-3

r7n 3774 W. 1/f2\R"3
~ms-[ f, An~ ~ j

RMS displacement (in.):

7n, 286.L W, [/f 2 \(R-913 R 0/9

201



202 SELECTION AND PERFORMANCE OF VIBRATION TESTS

rms= 9h6 I R = 9
L f1

3

For composite spectra made up of various straight-line segments, the total rms
value is computed from the square root of the sum of the squares of the indi-
vidual rms values.

B.2 Acceleration, Velocity, and Displae~ment SF-.dt4 Dgi4I:i ReIT lonbltx

Equations for the conversion of spectral density values between displacement,
velocity, and acceleration and between circular frequency wa (in rad/sec) and
fiequency f (liz) are given below. A four-dimensional graph p,'per developed by
Himmelblau [119] useful for such conversions is shown in Fig. B-I.

Displacement spectral density:

X(f) 2wt(w) Iln.2/HzJ

Velocity spectral aensity:

V(f) = 4.f 2 f 2 X(f) [(in./sec) 2I/HzJ

W2 X(c,)

Acceleration spectral density:

W(f) = 2r W (,w) (82 /Hzj

4ir2 f2  167r4 f 4

W (W) V (w) = ( Wx()

B.3 Peak, Average, and RNS Relationships

Sinusoidal:

average absolute value = 0.636 peak value
rms value = 0.707 peak value
average absolute value = 0.9 rms value

.......................... .......
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USEFUL EQUATIONS AND RELArIONSHIPS 203

Random:

average ;tbssol'to valu': = 0.798 rms value

(Zero mean value)

RANDOM VIBRATION NOMOGRAPII

K)

I'0 LI

Fig, B-I, Universal random v'ibration nomograph.
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3.4 Time for Shiusoifal Sweeps

Linear.:

Time i2 h (see)

h - sweep constant (Hz sec)

f = fequency (Hz)

Logarithmic: (See Fig. B-2)

Time = 60 i If (se
B In n f (sec)

B = sweep rate (octaves/min)

700 -m--r-- --F-TT -T 1T

600 .B, OCTAVE PER MINUTE - 1/2

3W5400.-

0-
1 10 100 1000

RATIO OF FREQUENCY LWITS. f2ill

Fig. B-2. Nomograph for duration of logarithmic uinuseklal sweep.



!

APPENDIX C

VIBRATION TEST PLAN OUTLINE

It was suggested by reviewers of an early draft of this monograph that the
inclusion of sample test plans or procedures and a checkoff list for selection of a
test method would be helpful. The proper formats for test plans and p'ocedures
arte often matters of strongly held personal opinion. Indeed, the differentiation
between the two also may be an emotional topic. The authors believe that a test
plan is a basic document which describes what is to be accomplished during a
particular test program and, in broad terms, how it is to be carried out. On the
other hand, a test procedure is a more detailed document, essentially In cook-
book style, which describes very specifically the detailed steps to be employed
to carry out the test. From these beliefs, and with some temerity, the following
outline of a test plan was prepared to serve both as a model to facilitate prepara-
tion of r test plan arud as a checkoff list by use of the referenc,•s to various
sectioi,, of the monograph in the column to the right of the outline.

The suggestion to include test procedures is believed inappropriate. Test
procedures are very much a function of the equipment available at a partlculai
test laboratory and of the general policies and practices established by the super-
vision of the laboratory and patent company management.

205
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206 SELECTION AND PERFORMA71-.E OF VIBRATION TESTS

Appendix C
Test Plan Outline

1. Objective 2.1
Purpose, scope of test, data evaluation

2. General Requirements
2.1 Applicable Documents

Listing of applicable equipment specifications, militarv
specifications and standards, memoranda, etc.
Applicable sections should be indicated.

2.2 Tolerances 2.4
List of allowable *'1erances for test and data
reduction purposes

2.3 Standard Conditions
List of allowable laboratory conditions for
demonstrating equipment functional performAnce

2.4 Test Documentation
Requireme"nts for content of test procedures,
failure reporting, progress, and status and final
reports

2.5 Failure Criteria 2.1
Criteria for defining when a failure has occurred
and how to proceed thereafter

3. Test Program
3.1 Description of Test Item 2.1

Physical and functional characteristics
3.2 Test Fixtures 2.4

Required characteristics 4.2
3.3 Test Instrumentation 4.3

Description of instrumentation 6.1
characteristics-transducer types, locations,
and mounting; signal conditioning; and
recording requirements

3.4 Test Facilities 4.0
List of required facilities and their characteristics

3.5 Test Conditions 2.2
Description of test environment-level, duration, 4.3
frequency range, control method, and location

It, P!.
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g VIBRATION TEST PLAN OUTLINE 207

3.6 Test Data 2.3

Amount and characteristics of required data
3.7 Test Schedule

Usually shows approximate time spans of each

phase of testing

4, Data Processing 2.3
Description of data processing re.- ,ents to 60
convert recordings to ieduced dat , PSD plots, etc.

5. Data Evaluation 6.0
Description of processing of reduced data for engineering
evaluation

ii
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Accelerated testing, 88 Commutator, 124. See Time division
Acceleration liniter, 137 multiplexer

See also G-limitcr. Complex-periodic waveforms, sintula-
Accelbration spectral density, 75 tion of, 99
Accelerometers Complex waveform averagiug, 118

location, 115 Complex waveform tests, 164
mounting 115 Component test, 11
types, 114 Constant-bandwidth analyzer, 183

Accuracy, necessary, 40 Constant-percentage bandwidth
Amplification factor. See also analyzer, 183, 184

Peak amplification factor. Control t~quipment, 139
defined, 55 Control location, 28, 31

Adjacent natural frequencies, effect Control signal, 139
on measurement of damping, 65 Control-signal conditioning, 141

Armature protection, 137 Cook, L. L., [91] 137
Assembly level, 11 Crosstek, 105
Automatic equalizer, 160 Cumulative damage, 15
Automatic gain control, 141 Damage, 15
Average level control, 32, 36, 116, Damage coefficient

149,156 for fatigue, 81
Averaging, 116, 149, 156 range of values, 85

commutaiion method, 120, See Damping
Time division multiplexer. inaterial, 61

complex waveform, 118 measurement, 69, 70
decorrelation method, 118 .;ystem, 61
power, 118 viscoelastic, 62
random, 118 Data
sinusoidal, 117 acquisition, 171

Bishop. R.E.D., [43] 68 editing, 177
Bozich, D. J., [116-118] 188 preprocessing, 177
Broadband level control, 36 presentation, 171, 178
Capacity, vibration system, 104, 161 processing, 171, 178
Comb-filter analyzer, 182, 184 accutwcy, 178
Combined testing requirements, 39

broadband and narrowband Decorrelation, 118
rindom, 98 Design-development test, 8

broadband xandom and sinusoidal, Direct tape recording, 174
99 Displacement trarsducers, 113
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Dreher, J. F., [231 31 Functional performance, as a basis

Duration, 18, 23 for equating test methods, 95

Endurance curve, 80 Fundamental level control, 36

Energy dissipation Gaussian random noise, 73

from sinusoidal swell, 93 Gladwef', G.M.L., 1431 68

from sinusoidal sweep, 93 G-limiter, 137, 145, 149

from random loading, 94 Grover, H. T, 1521 81

E qualization, 45, 160 Gunfire simulation, 99, 166

Equalizer Gunfire vibration simulation method,

automatic, 160 99
manual, 160 Half-power bandwidth

Equipment, vibration, 103 defined, 55

Equivalence of test methods measurement error, 65

accelerated, 88 measurement of Q, 64

based on energy dissipation, 92 Hardrath, H.F., [501 81

based on functional performance, Impedance testing, 2

95 Input, vibration, 28

based on resonant respons'e, 91 Instrumentation, 112

based on structural fatigue, 80 IRIG time code, 173

summary, 9 5 Kennedy, C.C., [42] 68

Ergodic function, 76 Kirk, W.H., [211 24

Evaluation test, 8 Lazan, B.J., [381 61

Exaggeration factor Level programmer, 143

for random tests, 90 Linear sweep, 63

for sinusoidal tests, 89, 91 Linkages, 106
Excitation location, 28, 30 Load connection systems, 105

Excitation parameters, 18 Load support systems, 105

Failure criteria, IS Locations
Fatigue damage control, 28, 31

random loading, 85 excitation, 28, 30
resonance dwell, 81 Logarithmic sweep, 63

sinusoidal sweep, 82 Lyon, R.H., [221 25
Fixture Magnetic susceptibility, 14

characteristics, 48 Magnetic tape recording, 174
stiffness, 11l Mead, D.J., 1511 8
weight, 110 Mean square value of random

Fixtures, 110 function, 71

Flight acceptance test, 7 Miles, J. W., [57] 85
See Quality assurance test Miner, M.A., 147-49 81

Force-control testing, 2 Modal testing, 68
Frequency Mode sh~tpe, 69

code, 173 Motion testing, 2
division multiplexing, 174 Muliple excitation in moial teting, 70

range, 18, 22 Multiple-shaker tests, 168

recording, 173 Multiplexer, time division, 116

response function, 77 Narrowband random vibration

Frequency-modulation (FM) tape probibility distribution ef peak,

recording, 174 74 3.
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simalation, 98 Resonance soarch test control, 151

time history, 80 Resonance testing. See modal

waveform, description of, 79 testing
1 lornial coordinate, 69 Resonant response, as a basis for

No-signal detector, 137 equating sine znd random, 91

Optical wedge, 113, 131 Rcsponsc-limitod tests, 167

Oscillographic recording, 172 Response, vibration, 28

Pancu, CD.P,, [421 68 Richards, E.J., 511 81

Peak amplification factor Safety devices, 131. See Protection

* defined, 55 devices

measurement of, 64 Servo time constant, 141

relationship with' stress level, 62 Signal conditioning, defined, 171,

Peak-amplitude method inmodal 172

testing, 69 Sign al selector, 145

Peak and notch filters, 160 Simulation, 19

Performance, functional, 11-13, 15 of effects, 20

Power average, 39 of environment, 19

Power spectral density, 75 Single-degree-of-freedom system,

Pruproduc(tion test, 8. See Qualifica- used as a model of simulation

tion test parameters, 53

Probability density function, 72 Single-frequency sweep

of Gaussian random, 73 as diagnostic tool, 64

of sinusoid, 73 definition, 57

Proof-of-design test, 8. See Qualifica- Sinusoidal and random tests, 154-156

tion test Sinusoidal test level control, 33

Protection devices, 131 Sinusoidal tests, 141-154

Pulsed excitation analysis, 186 Slip plate, 106, 107

Pulsed excitation tesis, 166-167 Specific damping energy, 61

Pure-mode excitation in modal Spectral analysis, 183

testing, 69 Spectral density, 44

Purpose of test, 7 Spectral density analysis, 183

Qualification test, 7, 8 Spectrum shaping, 160

Quality assurance test, 9 Static load, 109

QuaEty factor fQ). See Peak ampli- Stationary function, 76

iication factor Statistical (sampling) error, 44

* Random and s~nusoidal tests, Steady-state responsc, as a functior

154-156 of sweep rate, 58

Raldom test level coiitrol, 39 Strain energy, 61

Rannom vibration Iests, i 56 Success criteria, 15

Raylvigh distribution, 75 Sweep duration, 64

Reaction impulse tests, 166 Sweep method, 59

Resotaance d'vell, 154 linear, 63

defined, 67 logarithmic, 63

deternujantion of tost frequencies to control frequency at resonance,

for, 67 59,62

Resonance dwell iest conttul, 154 to conirol time at resonance, 63

Resonance search, 151, 154 Sweep parameter, 58, 60
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218 SELECTION AND PERFORMANCE OF VIBRATION TESTS

Sweep rate Test control
definition, 57 complex wavc;, 166
effect on peak frequency, 59 random broadband, 156
effect on response ainpltude, 58 iandom narrowband, 163
linear, 63 siousoidal plus random, 154
logarithmic, 63 sinusoidal, swept

Swept-filt.er analyzer, 183 averaging, 149
System test, 13 filtered, 143
Tape-delay averaging, 118. See level progiamming, 143

Decorrelation method resonance dwell, 154
Tape programming, 154 resonance search, 151
TDM. See Time division signal selection, 145

multiplexer. unfiltered, 142
* Test techniques, 139

accuracy, 40 Test object
complex waveform, 118 characteristics, 9
component, 11 size, 10
conditions, 18 value, 9
data, 39 Test programming techniques, 139
design-development, 8 Test purpose, 7
duration, 18, 23, 43 Test selection, 7
evaluation, 8 Time-code recording, 173
failure criteria, 15 Time division multiplexer, 116
fixtures, 48 7blleth, F.C., [65] 106
flight-acceptance, 7 Tracking filter, 143, 156, 178
force control, 2 Transducer characteristics, 112
impedance, 2 Transmissibility
level, 18, 25 defined, 55
motion, 2 functions for SDF system, 56
preproduction, 8 functions Ior two-degree-of-
proof-of-design, 8 freedom system, 66
proof-of-workmanship, 9 measurement of, 64, 179
qualification, 7, 8 Type-approval test, 8. See Qualifica-
quality assurance, 9 tion test
random, 156 Unit test, 12
random and sinusoidal, 154 Usher, T, Jr., [87] 117, 118
reaction impulse, 166 Velocity transducers, 114
replication, 17 Verification test, 8. See Qualification
response limited, 167 test
results, 17 Vibration excitation -ystem, 104
selection, 7 Vibration
sinusoidal, 141 fixtures, 110
system, 13 input, 26, 28
type-approval, 8 response, 28
unit, 12 system capacity, 104
vibration, defined, 2 tests, defined, 2 j
verification, 8 Waveform, 18
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